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Preface 


On  behalf  of  NOAA's  Climate  Analysis  Center,  1  wish  to  thank 
Prof.  Mike  Wallace,  Director  of  the  Joint  Institute  for  the  Study  of  the 
Atmosphere  and  Ocean,  for  hosting  this  Fifth  Annual  Climate  Diagnostics 
Workshop  at  the  University  of  Washington.  The  efforts  expended  by  him 
and  Ingrid  Ouertermous  in  making  the  excellent  local  arrangements  for 
the  Workshop  are  much  appreciated.  Thanks  are  also  due  John  Horel, 
Harry  Edmon,  Carl  Youngblut,  and  Keith  Ronnholm  for  providing  valuable 
support  at  Seattle;  Eugene  Rasmusson,  Donald  Oilman,  and  Mike  Wallace 
for  aiding  me  in  organizing  the  program;  Luke  Mannello  for  preparation  of 
these  Proceedings  for  publication;  and  Norma  Jaxel  for  ber  extensive  help 
throughout  the  various  stages  of  organizing  the  Workshop  and  assistance 
with  these  Proceedings.  I  am  also  indebted  to  Mike  Wallace,  Richard  Reed, 
Dennis  Hartmann,  William  Sprigg,  and  Donald  Oilman  for  effective  chairing 
of  Workshop  sessions.  Finally,  I  thank  all  of  the  participants  for 
their  contributions  to  a  very  full  three  days  of  informative  presentations 
and  discussions. 

As  in  the  four  preceding  years,  these  Proceedings  are  designed  to 
provide  synopses  of  the  presentations  at  the  Workshop.  For  the  most 
part,  papers  are  arranged  in  the  order  of  scheduled  presentation.  One 
paper  not  given  at  the  Workshop  is  included  —  a  study  of  droughts  in 
northeast  Brazil  by  Moura  and  Shukla. 

The  Workshop  began  with  a  review  of  the  past  year's  climate  fluc- 
tuations (Session  1).  This  was  followed  by  more  general  studies  of 
variations  in  the  large  scale  circulation  (Session  2).  Session  3  dealt 
with  data  and  methods  for  monitoring  snow  and  ice,  water  vapor,  and 
volcanic  aerosols.  Sessions  4  and  5  concentrated  on  the  second  major 
topic  of  the  Workshop  this  year  —  large  scale  sea-air  interactions  with 
principal  emphasis  in  Session  4  on  the  equatorial  Pacific,  Southern 
Oscillation,  El  Nino,  and  related  phenomena.  Session  6  dealt  with 
modeling  results,  one  of  which  (Miyakoda  et  al.)  involved  promising 
GCM  predictions  for  January  1977.  Finally,  statistical  prediction  and 
verification  results  were  presented  in  Session  7. 


Jay  S.  Winston 
January  1981 
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The  circulation  and  weather  of  Fall  1979  and  Winter  1979-80 

A.  James  Wagner 
Climate  Analysis  Center 

NMC/NWS/NOAA 
Washington,  D.,  C.   20233 

1.   FALL  1979 

The  700  mb  circulation  was  characterized  by  faster  than  normal  westerlies 
at  middle  latitudes,  especially  over  the  oceans  where  stronger  than  normal 
northward-displaced  subtropical  highs  coexisted  with  deep  lows  extending 
from  northeastern  Siberia  to  the  Aleutians  and  also  over  the  North  Atlantic. 
The  positive  anomalies  associated  with  the  subtropical  highs  were  about  two 
and  one-half  standard  deviations  from  the  1948-1970  normal  height..   At  high 
latitudes,  there  was  some  blocking  in  evidence  with  an  area  of  positive 
height  anomaly  over  the  Polar  Basin  associated  with  the  northern  portions  of 
ridges  over  northwestern  Canada  and  central  Asia.   The  generally  ;jonal  circula- 
tion was  most  amplified  over  North  America,  where  downstream  from  the  north- 
western Canadian  ridge  a  deeper  than  normal  trough  extended  southwestward 
from  the  eastern  shore  of  Hudson  Bay  to  the  southern  Great  Plains  (Fig.  1A) . 

Even  though  the  moderately  amplified  pattern  over  North  America  might 
have  indicated  a  substantial  area  of  below  normal  temperatures  in  the  middle 
of  the  country,  there  were  no  extensive  areas  of  unusually  cold  weather  for 
the  fall  as  a  whole  (Fig.  IB).   Most  of  the  United  States  had  near  or  slightly 
above  normal  temperatures,  with  the  warmest  weather  relative  to  normal  in 
the  West.  There  were  sharp  contrasts  in  the  precipitation  pattern.   Substantially 
heavier  than  normal  totals  fell  over  most  of  the  East  and  South  as  far  inland 
as  the  lower  Mississippi  and  Ohio  Valleys  (Fig.  1C),  due  mainly  to  the  passage 
of  two  hurricanes  and  an  unnamed  tropical  disturbance  during  September. 
Heavy  precipitation  over  the  north-central  states  was  due  mainly  to  late  fall 
storms,  while  other  areas  of  the  Southwest  and  the  northern  and  southern 
Great  Plains  received  less  than  half  their  normal  totals. 

September  had  patterns  of  circulation,  temperature  and  precipitation 
similar  to  those  for  the  whole  fall.   In  sharp  contrast  to  the  intense  tropical 
downpours  over  the  southeastern  third  of  the  country,  one  of  the  driest 
Septembers  on  record  was  observed  at  many  cities  in  the  upper  Midwest  and 
Great  Lakes  area. 

Unusually  fast  westerlies  during  October  led  to  changeable  and  at  times 
unusual  weather.   A  record  late-season  heat  wave  with  temperatures  going 
over  100°F  at  some  localities  in  Texas  lasted  much  of  the  first  half  of  the 
month,  while  a  record  early  season  snowstorm  struck  an  area  from  the  central 
Appalachians  to  southern  New  England  on  October  10th,  doing  much  damage  to 
deciduous  trees  still  in  full  leaf. 

During  November  an  amplified  ridge  over  western  Canada  drove  colder 
than  normal  air  into  the  West,  following  several  months  of  above  normal 
temperatures.   The  strong  high  prevailing  over  the  western  Atlantic  brought 
increased  southerly  flow  to  the  Atlantic  Coast  States,  giving  New  York  City's 
Central  Park  Observatory  its  warmest  November  in  over  100  years  of  records. 


\ 

2.   WINTER  1979-1980 

The  700  mb  circulation  became  more  amplified,  and  the  westerlies  moved 
considerably  farther  south  during  winter,  especially  over  the  Pacific,  where  a 
large  negative  anomaly  centered  at  40°N,  160°W  covered  most  of  the  Pacific 
Ocean  Basin  north  of  20°N.   The  central  value  of  95  m  below  normal  was  more 
than  two  standard  deviations  from  the  1948-70  mean.   Anomalies  associated  with 
the  ridge  over  Canada  and  the  North  Atlantic  low  were  not  exceptional,  being 
only  a  little  over  one  standard  deviation  (Fig.  2A). 

The  lack  of  either  a  strong  anomalous  component  of  cold  advection  from 
the  Arctic  or  depressed  westerlies  over  the  United  States  resulted  in  a  generally 
moderate  winter  over  most  of  the  country.   The  temperature  averaged  within  4°F 
of  normal  at  most  locations  and  there  were  none  of  the  cold  extremes  of  the 
past  three  winters  (Fig.  2B).   This  is  perhaps  somewhat  surprising,  as  the 
severely  cold  winters  of  1976-77  and  1977-78  had  large,  intense  negative  height 
anomalies  over  the  central  North  Pacific,  similar  to  this  winter.   Different 
circulation  patterns  over  North  America  and  the  lack  of  a  strong  transarctic 
ridge  extending  from  Canada  toward  Siberia  to  advect  polar  air  southward  into 
the  United  States  were  probably  the  main  factors  for  the  generally  mild  winter 
in  1979-80.   The",  anomalously  strong  ridge  over  Canada  was  associated  mainly 
with  relatively  mild  air  of  Pacific  origin. 

Precipitation  was  less  than  normal  over  most  areas  east  of  the  Great 
Plains,  but  much  of  the  West  and  Southwest  had  substantially  more  than  the  normal 
amount  (Fig.  2C)„   The  heaviest  precipitation  in  these  areas  fell  in  connection 
with  several  storms  mainly  in  January  and  February,  that  crossed  the  Pacific 
at  relatively  low  latitudes,  bringing  copious  amounts  of  tropical  moisture 
with  them  into  the  southwestern  United  States. 

The  mild  and  dry  characteristic  of  the  winter  was  most  in  evidence  during 
December  when  fast  zonal  flow  and  above  normal  700  mb  heights  prevailed  over 
the  entire  United  States  and  southern  Canada,  effectively  shutting  out  Arctic 
air  masses.   Temperatures  averaged  as  much  as  10°F  above  normal  in  the  Northern 
Great  Plains  and  more  than  6°F  above  normal  over  portions  of  the  Great  Lakes 
States  and  Northeast.   A  paucity  of  storms  kept  precipitation  well  under  normal 
across  much  of  the  country.   Due  to  the  combination  of  unusually  mild  and  dry 
weather,  a  number  of  cities  from  the  northern  Mississippi  Valley  eastward  to 
New  England  had  record  or  near-record  light  December  snowfall  totals. 

During  January,  the  westerlies  began  to  move  southward,  especially  over 
the  Pacific,  and  strong  height  rises  occurred  at  high  latitudes.   Precipitation 
increased  dramatically  over  the  United  States,  especially  over  the  southern 
and  central  Plateau  where  a  number  of  locations  reported  as  much  as  three  times 
the  normal  amount  or  had  a  near  record  wet  January.   Temperatures  remained  above 
normal  over  most  of  the  country,  but  colder  than  normal  conditions  prevailed 
over  the  Northwest  and  portions  of  the  Rocky  Mountains  and  high  plains.   Continued 
mild  and  dry  weather  over  the  Northeast  again  led  to  several  more  record  and 
near-record  light  monthly  snowfall  totals. 

Not  until  the  end  of  January,  when  a  strong  full-latitude  ridge  amplified 
over  the  eastern  Pacific,  did  extensive  Arctic  air  penetrate  the  United  States. 
It  was  also  at  this  time  that  the  first  major  Pacific  storm  struck  southern 
California  with  heavy  rains.   Although  there  was  a  break  during  early  February, 


several  storms  struck  in  rapid  succession  later  in  the  month  causing  extensive 
flooding,  mudslides  and  damage  to  crops.   Precipitation  continued  to  be  much 
less  than  normal  during  February  over  much  of  the  interior  of  the  South  and 
the  Northeast. 

The  coldest  weather  of  the  winter  in  the  East  occurred  during  February, 
which  averaged  as  much  as  8°F  below  normal  over  the  Ohio  Valley  and  6°F  below 
normal  over  portions  of  the  South  Atlantic  Coast.   This  latter  area  was  paralyzed 
by  two  record  heavy  snowstorms,  the  first  in  February  and  tbe  second  in  early 
March  at  the  conclusion  of  the  amplified  circulation  regime.   Norfolk,  VA  and 
Elizabeth  City,  NC  had  seasonal  snowfall  totals  greater  than  most  eastern 
locations  as  far  north  as  Maine  during  1979-80. 


FIGURES 

Fig.  1(A)   Mean  700  mb  contours  (solid)  in  dekameters  and  departures  from  normal 
(dashed)  in  meters,  (B)  departure  from  normal  of  average  surface  temperature 
(°F),  and  (C)  percentage  of  normal  precipitation  for  fall  (September,  October 
and  November  1979). 

Fig.  2.   As  in  Fig.  1,  except  for  winter  (December  1979)  and  January  and  February 
1980. 
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The  Circulation  and  Weather  of  Spring  and  Summer  1980 

Robert  R.  Dickson 
Climate  Analysis  Center 

NMC/NWS/NOAA 
Washington,  D.C.   20233 


Spring  1980.  As  was  the  case  in  winter,  strong  Pacific  westerlies  were 
observed  at  700  mb  during  spring,  but  at  a  higher  latitude  (Fig.  1).  This 
extremely  fast  westerly  current  split  about  a  strong  blocking  ridge  over  the 
northern  Great  Plains  with  one  segment  moving  along  the  northern  reaches  of 
this  ridge  and  another  passing  through  a  broad  trough  across  the  southern 
United  States.  The  latter  was  stronger  than  normal  and  south  of  normal 
along  most  of  its  course.  The  mid-latitude  wave  pattern  from  the  Atlantic 
to  east  Asia  was  highly  amplified.  Heights  were  well  above  normal  in  the 
Arctic  where  the  normal  low  was  absent.  Storm  systems  approaching  the 
North  American  blocking  ridge  were  generally  deflected  to  the  north  or  south 
giving  bountiful  precipitation  to  most  of  the  conterminous  United  States 
(Fig.  2A).  Monthly  precipitation  totals  were  near  record  levels  in  parts 
of  the  Southeast  in  March,  the  lower  Mississippi  Valley  in  April,  and  Northern 
Rockies  in  May.  In  the  vicinity  of  the  blocking  ridge,  over  portions  of  the 
northern  Great  Plains  and  northern  Mississippi  Valley,  the  dearth  of  storm 
systems  produced  dry  weather  and  severe  drought  (Figs.  2A  and  2B).  Both 
April  and  May  were  among  the  driest  months  of  record  in  parts  of  this  region. 
Spring  temperatures  averaged  well  above  normal  near  and  just  west  of  the 
blocking  ridge  while  cool  weather  prevailed  over  most  of  the  southern  half 
of  the  country  (Fig.  3). 

Summer  1980.  As  the  speed  of  the  mid-latitude  Pacific  westerlies  declined 
from  the  extreme  values  of  spring,  wave  features  in  the  vicinity  of  North 
America  generally  retrograded,  and  amplified  ridges  appeared  over  the  eastern 
Pacific,  mid-United  States,  and  mid-Atlantic  (Fig.  4).  The  transition  from 
the  rather  stable  spring  regime  to  that  of  summer  took  place  from  the  last 
week  of  May  to  about  mid-June.  The  summer  wave  pattern  which  evolved  was 
quite  similar  to  that  which  accompanied  the  hot  and  droughtly  summers  of 
1952-54  (as  discussed  by  Namias  in  1955).  This  similarity  embraced  not  only 
the  trio  of  amplified  ridges  in  the  vicinity  of  North  America,  but  also  the 
deep  Arctic  low.  Adequate  precipitation  during  summer  was  largely  limited 
to  areas  affected  by  transient  waves  in  the  westerlies  —  to  the  north  of 
the  strong  continental  anticyclone  (Fig.  5A).  Under  the  anticyclone  summer 
precipitation  was  25-50%  of  normal  over  a  large  area  and  summer  temperatures 
averaged  4-8 °F  above  normal  (Figs.  5A  and  5B).  The  heat  wave  and  drought  of 
this  summer  contributed  to  over  1200  deaths  and  crop  and  livestock  losses 
estimated  at  nearly  20  billion  dollars.  The  persistence  of  the  east  Pacific 
and  continental  anticyclones  during  summer  is  shown  in  Figure  6.  By  August 
the  east  Pacific  ridge  had  built  far  enough  eastward  and  northward  that 
vorticity  was  driven  over  the  West  and  the  northern  Great  Plains  and  the 
heat  wave  ridge  migrated  eastward.  The  growth  of  the  heat  wave  to  a  July 
maximum  with  a  subsequent  decline  and  extension  eastward  in  August  is 
shown  in  Figure  7.  By  the  end  of  June,  temperatures  of  100°F  or  more  were 
common  over  the  central  and  southern  Great  Plains  and  several  June  and  all-time 
records  were  set.   The  most  notable  of  these  was  an  all-time  record  high  of 


117°F  at  Wichita  Falls,  TX  on  28  June.  By  July,  monthly  mean  temperatures 
reached  remarkable  extremes  of  8-10°F  above  normal  under  the  upper  level  anti- 
cyclone; the  most  extreme  departures  were  about  three  times  the  standard  devia- 
tion of  July  mean  temperatures  for  the  1941-70  period.  July  was  either  the 
hottest  month  of  record  or  the  hottest  July  at  several  locations  from  Kansas 
to  southern  Illinois  and  southward  to  the  Gulf  as  well  as  in  parts  of  the 
Southwest.  By  the  end  of  July  temperatures  of  100°F  or  more  had  been  observed 
in  41  states  from  the  Gulf  Coast  to  the  northern  border  and  from  coast  to 
coast.  Temperatures  at  Dallas,  TX  equalled  or  exceeded  100°F  on  42  consecutive 
days  through  3  August.  During  June  and  July  at  least  a  dozen  all-time  high 
temperature  records  were  either  equalled  or  set,  mostly  in  the  South.  Monthly 
precipitation  maps  during  summer  (Fig.  8)  illustrate  the  drying  out  of  the 
central  United  States  during  the  July  maximum  of  the  heat  wave  and  the  subsequent 
eastward  spread  of  the  area  of  scant  precipitation  as  the  associated  upper 
level  ridge  moved  eastward.  A  notable  break  in  the  drought  over  southern 
Texas  occurred  on  9  and  10  August  as  Hurricane  Allen  crossed  the  area.  It  was 
one  of  the  driest  Augusts  of  record  in  much  of  the  South  and  in  parts  of  the 
mid-Atlantic  Coast  States.  The  Crop  Moisture  Index  map  at  the  end  of  July 
(Fig.  9)  illustrates  the  desiccation  of  soils  during  the  heat  wave  and  the 
great  changes  which  occurred  from  the  end  of  spring  (Fig.  2B).  A  review  of 
summer  mean  temperature  anomaly  maps  since  1881  helps  put  the  present  summer 
in  proper  prospective.  Other  hot  summers  occurred  in  1881,  1901,  1921,  1934, 
1936,  and  1954.  Despite  the  problem  of  varying  normals  used  during  this  period, 
it  seems  clear  that  extreme  summer  mean  temperatures  were  most  extensive 
during  the  Dust  Bowl  summer  of  1936.  The  mean  temperature  distribution  during 
summer  1980  is  compared  with  the  three  most  recent  hot  summers  in  Figure  10. 
It  appears  that  summer  1980  would  be  a  candidate  for  the  third  hottest  summer 
of  the  last  100  years  (based  on  the  extent  of  extreme  summer  mean  temperatures). 
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FIGURE  LEGEND 

Fig.  1    Mean  700  nib  height  contours  (dam)  and  departures  from  normal 
(m)  for  Spring  1980. 

Fig.  2    (A)   Percentage  of  normal  precipitation  for  Spring  1980  and 
(B)  Crop  Moisture  Index  for  31  May  1980  (from  Weekly  Weather 
and  Crop  Bulletin) .   For  explanation  of  Crop  Mositure  Index, 
see  legend  to  Figure  9. 

Fig.  3    Departure  from  normal  of  average  surface  air  temperature 

(°F)  for  Spring  1980  (from  Weekly  Weather  &  Crop  Bulletin.) 

Fig.  4    Mean  700  mb  height  contours  (dam)  and  departure  from  normal 
(m)  for  Summer  1980. 

Fig.  5    (A)  Percentage  of  normal  precipitation  for  Summer  1980,  and 
(B)  Departure  from  normal  of  average  surface  air  temperature 
(°F)  for  Summer  1980  (from  Weekly  Weather  &  Crop  Bulletin). 

Fig.  6    Monthly  mean  700  mb  height  anomaly  centers  (m)  in  the 
vicinity  of  North  America  during  Summer  1980.   Month 
designator  is  in  parentheses. 

Fig.  7    Departure  from  normal  of  monthly  average  surface  air  tempera 

ture  (°F)  during  June,  July  and  August  1980  (from  Weekly  Weather 
and  Crop  Bulletin) . 

Fig.  8    Percentage  of  monthly  normal  precipitation  during  June, 

July  and  August  1980  (from  Weekly  Weather  &  Crop  Bulletin. 

Fig.  9    Crop  Moisture  Index  for  2  August  1980  (from  Weekly  Weather  and 
Crop  Bulletin ) . 

Fig.  10   Departure  from  normal  of  surface  air  temperature  (°F)  for 
Summers  of  1934,  36,  1954  and  1980. 
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The  Crop  Moisture  Index  measures  tbe  degree  to  whicn 
moisture  requirements  of  growing  crops  were  met  during 
the  previous  week.   The  index  is  computed  from  average 
weekly  values  of  temperature  and  precipitation.   These 
values  are  used  to  calculate  the  potential  moisture 
demand.   Taking  into  account  the  previous  soil  moisture 
condition  and  current  rainfall,  tbe  actual  moisture 
loss  is  determined. 

If  the  potential  moisture  demand,  or  potential 
evapotranspiration,  exceeds  available  moisture  supplies, 
actual  evapotranspiration  is  reduced  and  the  CUI  gives  a 
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negative  value.   However,  if  moisture  meets  or  exceeds 
demand  the  index  is  positive. 

Shaded  areas  indicate  the  index  was  unchanged  or 
increased  from  the  previous  week's  value;  soils  dried  in  the 
unshaded  areas.   Centers  of  positive  and  negative  areas  are 
identified  by  W  for  wet  and  D  for  dry. 

Local  moisture  conditions  may  vary  because  of  differences 
in  rainfall  distribution  or  soil  types.   The  type  of  agricul- 
ture and  stage  of  crop  development  must  be  considered  when 
assessing  the  impact  of  moisture  conditions  based  on  tbe 
Crop  Moisture  Index.   Some  general  guidelines  follow. 
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THE  EXTREMELY  DRY  AREA  IN  OKLAHOMA,  KANSAS,  AND  MISSOURI  HAS  EXPANDED  AND  BECOME  EVEN  DRIER  AS  CROP  DEMAND  FOR  MOISTURE 
HAS  EXCEEDED  THE  SUPPLY.   THE  SCANTY  SOIL  MOISTURE  RESERVE  IS  BEING  DEPLETED  RAPIDLY.      THE  WESTERN  CORN  BELT--IOWA  AND 
ILLINOIS--IS  DRYING  RAPIDLY,  BUT  SOME  SOIL  MOISTURE  RESERVE  REMAINS.   RAIN  IS  BADLY  NEEDED  IN  THESE  AREAS.   LARGE  AREAS  IN  THE 
SOUTHEASTERN  UNITED  STATES  ARE  SERIOUSLY  DRY. 


Fig.    9 
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Canadian  Climate  extremes  and  impacts  for  the  period 
September  1979  to  August  1980 

Yves  Durocher 
Atmospheric  Environment  Service 
Downsview,  Ontario 


Annual 


The  12  month  period  from  September  1979  to  August  1980  was  characteriz- 
ed by  above  normal  mean  temperature  for  all  regions  of  Canada  with  the  ex- 
ceptions of  southern  Ontario,  the  upper  St. -Laurence  Valley  and  most  of  the 
Atlantic  provinces.  The  precipitation  totals  for  the  year  show  a  significant 
deficit  over  the  Prairies  and  a  large  surplus  over  Newfoundland.  These  two 
anomalies  were  disastrous  to  agriculture  in  Canada  since  they  occurred  dur- 
ing critical  agricultural  periods. 

Fall  1979 

The  temperature  regime  was  very  stable  during  this  period.  For  three 
consecutive  monthly  maps,  the  temperature  pattern  underwent  very  little 
change;  the  only  variations  were  in  amplitude.  The  warm  anomaly  in  the  west 
contrasted  with  the  cold  anomaly  in  the  east.  Following  a  pattern  almost 
identical  to  September  and  October  where  the  main  anomaly  centres  were  of 
the  order  of  2°C,  the  monthly  temperature  anomaly  for  November  increased  to 
more  than  11°C  above  normal  in  the  Mackenzie  Delta.  At  Inuvik,  five  consecu- 
tive weekly  mean  temperatures  covering  the  entire  month  remained  more  than 
10°C  above  normal.  These  mild  temperatures  in  the  arctic  allowed  an  extens- 
ion of  the  drilling  operations  in  the  Beaufort  Sea  up  to  the  end  of  Novem- 
ber; on  an  experimental  basis,  some  drilling  operations  were  further  extend- 
ed to  mid-December. 

Although  not  as  well  defined,  the  precipitation  regime  was  also  charac- 
terized by  an  east-west  contrast.  The  precipitation  deficit  turned  out  to  be 
an  important  factor  contributing  to  the  severe  rash  of  forest  fires  and  poor 
germination  in  the  following  spring.  At  this  time  of  year,  precipitation  is 
needed  to  replenish  soil  moisture  content  for  the  following  growing  season. 
This  year,  the  precipitation  before  soil  freeze-up  totalled  less  than  normal 
over  most  agricultural  areas  with  large  anomalies  over  the  richest  farm 
land.  There  was  also  a  severe  lack  of  precipitation  in  northwestern  Ontario 
and  northern  Alberta,  where  forest  fire  activity  would  be  at  its  highest  in 
the  following  spring.  There  was  also  a  severe  water  deficit  in  central 
British  Columbia,  and  the  year  1979  was  the  driest  on  record.  Ranchers  were 
worrying  about  poor  irrigation  during  following  seasons. 

Winter 


The  winter  of  1979-80  (December  to  February)  turned  out  to  be  warmer 
than  normal  in  all  of  Canada  with  few  exceptions.  The  mean  temperature  ex- 
ceeded 5°  in  the  northern  Prairies  and  southern  Mackenzie  District. 

In  the  east,  winter  gave  the  impression  of  being  much  warmer  than  it 
actually  was  for  three  reasons.  First,  the  last  three  winters  have  been 
very  cold.  This  winter,  on  the  contrary,  has  only  exceeded  normal  by  a  small 
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amount.  Second,  snow  cover  was  scant,  not  because  the  snowfalls  were  slight, 
but  mainly  because  the  snow  melted  rapidly  afterwards.  Finally,  the  Christ- 
mas holiday  period  was  much  warmer  than  normal  and  rain  prevailed  instead  of 
snow;  this  short  period  became  the  subjective  feeling  for  the  entire  winter. 

The  total  absence  of  snow  during  the  Christmas  holidays  and  the  negli- 
gible snow  cover  to  the  end  of  February  in  certain  areas  caused  serious 
financial  problems  for  ski  resort  operators  and  sporting  goods  retailers; 
some  were  driven  into  bankruptcy.  Some  municipalities  made  savings  on  their 
snow  removal  budgets;  however,  some  contractors,  not  protected  by  minimum 
price  guarantees,  suffered  heavy  losses.  The  number  of  automobile  accidents 
also  decreased  because  of  the  lack  of  snow;  drivers  were  pleased  but  auto 
repair  shops  lost  business. 

Finally,  milder  weather  and  the  prevalence  of  rain  rather  than  snow- 
fall resulted  in  thinner  ice  layers  and  lower  albedo  which  allowed  greater 
heating  by  radiation.  Thus,  the  seaway  opened  on  a  record  early  date  this 
year;  ice  breakup  in  eastern  Canada  was  several  weeks  ahead  of  normal. 

Precipitation  continued  to  be  scarce  in  the  interior  of  British  Colum- 
bia. Moreover,  much  of  it  fell  as  rain  instead  of  snow;  on  the  frozen  ground 
rain  ran  off  while  the  snowcover  would  have  remained  until  spring.  Com- 
pounding the  problem,  the  light  snowcover  allowed  the  ground  to  freeze  to  a 
greater  depth.  Water  reserves  in  the  area  were  at  their  lowest  levels.  This 
situation  continued  to  worry  fruit  growers  in  the  Okanagan  Valley  and  ran- 
chers in  the  Thompson  Valley.  Hydro-electric  companies  were  also  affected. 
The  water  levels  were  so  low  that  any  continuing  trend  would  have  forced 
them  to  reduce  their  electrical  generation.  Although  forestry  and  oil  and  gas 
exploration  activities  benefitted  from  the  dry  weather  at  first,  the  lack  of 
snowcover  resulted  in  early  muddy  road  conditions,  thus  shortening  these 
seasonal  operations. 

sPrlng 

The  spring  of  1980  (March,  April,  May)  was  catastrophic  for  the  Prai- 
ries. A  severe  drought  affected  southern  Saskatchewan  and  Manitoba.  A  record 
of  52  consecutive  days  with  only  a  trace  or  less  of  precipitation  was  estab- 
lished at  Dauphin.  It  was  the  driest  May  on  record  at  several  stations  in 
the  southern  Prairies.  The  precipitation  accumulation  for  the  three  month 
period  represented  only  17%  of  normal  at  Winnipeg.  Most  fields  had  to  be  re- 
seeded  in  these  regions  and  many  farmers  had  to  turn  to  other  crops  in  view 
of  the  shortened  growing  season.  As  is  often  the  case  in  these  situations, 
insects  infested  the  area,  thus  further  reducing  the  crop  yields.  The  lack 
of  rain  severely  affected  the  hay  crop;  hay  had  to  be  shipped  from  the  east- 
ern provinces. 

Spring  started  with  a  drought  in  Alberta,  but  rain  appeared  at  the  end 
of  May  and  remained  quite  abundant  afterwards.  In  fact,  the  excess  precipi- 
tation caused  some  problems  in  low  lying  areas. 

In  northern  regions  of  the  Prairie  provinces  and  in  northwestern  On- 
tario, the  dry  spring  followed  a  dry  fall  and  a  very  dry  winter.  The  mois- 
ture reserves  in  the  ground  were  at  their  lowest  and  the  forest  fires  started. 
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to  rage  very  early  in  the  season.  Before  the  spring  was  over,  the  province 
of  Alberta  had  already  spent  their  fire  fighting  budget  for  the  entire  sea- 
son and  were  heading  towards  an  all  time  record.  The  worst  areas  were  in  the 
vicinity  of  Lake  Athabasca  and  north  of  Lake  Superior. 

During  this  period,  precipitation  reappeared  in  the  interior  of  British 

Columbia  and  brought  all  water  levels  to  normal.  In  fact,  the  twelve  month 

total  from  September  1979  to  August  1980  was  above  normal  in  southern 

British  Columbia,  mostly  due  to  spring  precipitation. 

The  temperature  was  above  normal  for  the  whole  of  Canada,  with  only  a 
few  exceptions  despite  a  rather  cold  March.  Unfortunately,  all  this  heat  and 
sunshine  was  wasted  as  far  as  agriculture  was  concerned. 

Summer 

The  Prairie  drought  continued  into  June  and  up  to  mid-July  in  southern 
Saskatchewan  and  Manitoba.  Hay  crops  were  only  10%  to  50%  of  normal  in  Mani- 
toba. The  dry  spell  also  resulted  in  the  death  of  10,000  ducks  at  Oak  Lake 
refuge  in  Manitoba.  The  damage  estimate  of  the  drought  reached  $10  billion 
at  one  point.  There  were  more  than  10,000  crop  insurance  claims,  the  highest 
in  20  years.  The  amount  of  subsidies  and  insurance  payments  has  been  evalu- 
ated at  more  than  $500  million. 

Precipitation  returned  in  mid-July,  thus  bringing  some  relief  to  the 
hard  hit  agricultural  areas.  The  summer  total  finally  exceeded  the  seasonal 
normal  in  southwestern  Manitoba.  The  second  seeding  was  much  more  success- 
ful. Precipitation  was  sufficient  in  most  of  Alberta;  it  was  even  too  abun- 
dant in  central  Alberta.  The  crop  yields  in  Alberta  were  very  good  this 
year.  Overall,  the  three  Prairie  provinces  produced  a  much  better  crop  than 
anticipated  earlier,  although  it  was  still  below  normal. 

Conclusion 

The  12  month  period  from  September  1979  to  August  1980  was  characteri- 
zed by  a  sequence  of  dry  spells  from  fall  to  beginning  of  summer  that  result- 
ed in  an  extreme  forest  fire  situatibn  and  heavy  losses  in  agriculture.  On  a 
smaller  scale,  the  poor  snowcover  resulted  in  bankruptcy  for  some  ski  resort 
operators  and  winter  equipment  retail  stores. 
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Note.:   VaJLuzl  aJvi  non- 'icpxcs  cntattvv   Zn  non-uni^onm  topognixpiucai  negiont*   tncfi  al 
the  Rocky  Mti. 
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WINTER  1979-80 

Mean  Temperature(uC) 

Departure  from  1 941 -70  Normal 

December  1979  to  February  1980(inclusive) 


WINTER   1979-80 
Total   Precipitation 
Percent  of  Normal 


December  1979   to  February  1980(inclusive)      i*fejc2L?j_75  ^ 


Note:   Valuer  ate  non-Jic.pfieAznterf.ive.  in  non-uni^cim  topographical  legion*  6uch  a* 
the  Rockti  Mountain* . 
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SPRING   1980 

Total    Precipitation(mm) 

Percent  of  1941-70  Normal 

,4arch  to  May,  1980 

Shaded  oaco.6  -  above  twimal 

\j(i:      Vaiud  aic   irL)M-ii7HeJCnfi(<.uf   <n  nun  umiuim  {opiufini'lmMi'  ii'yioiii   iucii  rti    Nik   Rvckti  UountiHiii . 


SPRING   1980 

Mean  Temperature(  C) 

Departure  from  1941-70  Normal 

March  to  May,   1980 

Shaded  aheat,   -  above  normal 
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SUMMER  1980 
Mean  Temperature(uC) 
Departure  from  1941-70  Normal 
June  to  August  1980  (inclusive) 
\  Shady d   a  teas  -  above,  nonmodi 


A. E.S.I 


SUMMER   1980 

Total   Precipitation(mm) 

Percent  of  1941-70  Normal 

June  to  August  1980  (inclusive) 

Shaded  a.rca.i>   -  abeve  nonmal 

Kite-      I'.ifnci    .fu-   mm-  irr'i  \i-ntn  I  n'i iph-iim^mh   fi^vvil  rtfli  ient   \tl)ici1i  "iilffi   ii*    fiTi  'Srr'-ti  >'r:n\t.ui\ 


A.E.S. 
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Special  Aspects  of  the  Long-Wave  and  Zonal  Mean  Structure  from 

Winter  to  Summer  1980 

R.  S.  Ouiroz 
Climate  Analysis  Center 

NMC/NWS/NOAA 
Washington,  D.  C.   20233 

In  the  fields  of  zonal  mean  temperature  and  flow,  three  hemispheric  events 
stand  out  from  mid-1979  to  mid-1980,  (1)  a  radical  change  in  the  tropospheric 
temperature  and  flow  patterns  from  early  to  late  winter,  which  will  be  shown  to 
be  related  to  the  peculiar  development  of  planetary  zonal  height  wave  2:  (2)  a 
major  stratospheric  warming  event  peaking  at  the  end  of  February  1980;  and  (3) 
anomalous  tropospheric  warmth  in  summer  1980.  Data  used  for  this  diagnosis 
consist  mainly  of  zonal  mean  data  and  long-wave  amplitudes  and  phases  based  on 
NMC  maps  at  700-10  mb. 

The  tropospheric  winter  changeover.  Fig.  1  shows  anomalies  of  zonal  mean 
temperature  at  500  mb  (amplitudes  at  700  mb  are  larger,  but  pattern  is  similar) 
and  of  zonal  mean  wind  at  200  mb,  near  the  level  of  maximum  tropospheric  winds. 
Note  the  switchover  from  warm  (cold)  in  middle  (high)  latitudes  around  November- 
December  to  cold  (warm)  in  middle  (high)  latitudes,  beginning  in  January.  Note 
the  (hydrostatically)  corresponding  regions  of  positive  and  negative  200-mb 
wind  anomaly,  whose  axes  are  aligned  along  the  channels  of  maximum  and  minimum 
thermal  gradient ,  respectively.  Note  also  the  time-scale  of  the  anomalies, 
about  2-4  months,  and  the  appearance  of  low-to-high  latitude  propagation. 

What  accounts  for  this  remarkable  transition  from  early  to  late  winter? 
Saltzman  and  Teweles  (1964)  showed  from  500-mb  data  that  among  zonal  waves  1- 
15,  wave  2  in  winter  leads  in  the  transfer  of  KE  to  the  mean  zonal  current. 
Recent  work  by  van  Loon  and  by  the  author  shows  further  the  importance  of  quasi- 
stationary  wave  2  in  wintertime  patterns  of  meridional  heat  transport  (with 
maximum  cooling  .just  south  of  its  latitude  of  maximum  amplitude).  Fig.  2  shows 
the  monthly  amplitude  of  height  wave  2  versus  latitude  at  500  mb  (top),  its 
departure  from  "normal"  (middle) ,  and  axes  of  maximum  (minimum)  wave  amplitude 
and  corresponding  axes  of  maximum  (minimum)  wind  anomaly  at  200  mb,  the  latter 
from  Fig.  1.  Note  that  at  fixed  latitude,  wind  features  tend  to  follow  wave 
features  by  one  or  more  months  (suggesting  the  possibility  of  developing  a 
predictive  capability).  Note  that  at  fixed  time,  there  is  a  typical  latitudinal 
displacement  between  wave  and  wind  features  of  5-20°.  Using  data  for  60  months 
(October  1975-September  1980),  we  have  correlated  200-mb  wind  at  35°N  with  500- 
mb  wave  amplitude  at  50°N,  and  find  correlations  greater  than  +0.8  for  total 
wind  and  total  wave  amplitude  and  near  +0.6  for  their  anomalies.  This  result 
indicates  promise  in  the  utility  of  wave-2  monitoring  for  diagnostic,  and 
possibly  predictive,  uses. 

Stratospheric  warming.  Reviews  of  observational  and  theoretical  knowledge 
of  the  sudden  warming  phenomenon  have  been  given  by  the  author  (in  NASA  RP 
1049,  Dec.  1979)  and  by  Holton  (Ann.  Rev.  Earth  Plan.  Sci.,  1980).  During  the 
1979-80  winter,  the  stratospheric  event  of  greatest  interest  was  the  explosive 
warming  at  the  end  of  February,  which  resulted  in  a  reversal  of  the  Equator-to- 
pole  10-mb   temperature  gradient  around  Feb.  27  (Fig.  3)  followed  by  a  reversal 
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of  the  polar  vortex  flow  at  65°N  from  westerly  to  easterly  (Fig.  4).  An 
earlier  sudden  increase  in  the  arctic  temperature  occurred  after  Feb.  9  (Fig. 
3),  contributing  to  a  total  rise  at  80°N  by  more  than  50°C  in  20  days.  In 
both  warmings  the  amplitude  of  thermal  wave  1  at  10  mb  (up  to  21°C)  exceeded 
that  of  wave  2;  but  the  two  warmings  were  associated  with  superpositioning  of 
wave  1  and  2  at  about  55-65°N  near  170°N  around  Feb.  11,  and  near  120°E  around 
Feb.  27,  respectively.  Note  in  Fig.  4  the  successive  reductions  of  mean  zonal 
wind  at  10  mb.  The  minimum  on  Mar.  20  was  associated  with  warming  concentrated 
in  the  lower  stratosphere.  Coupling  of  the  tropospheric  and  stratospheric 
flow  is  discussed  elsewhere  by  the  author. 

The  general  transition  from  westerly  to  easterly  flow  in  the  stratosphere, 
at  10  mb,  is  shown  in  Fig.  5.  What  is  of  particular  interest  from  a  quasi- 
climatic  point  of  view  is  the  long  time  scale,  perhaps  2-4  months,  of  the  wind 
anomalies j  and  as  in  the  troposphere,  the  appearance  of  low-to-high  latitude 
propagation  of  wind  anomaly. 

Anomalous  tropospheric  warmth  in  summer  1980.  Detailed  discussion  is 
omitted  here  except  for  calling  attention  to  tbe  extraordinarily  large  positive 
height  anomaly  at  100  mb  and  30°N  (Fig.  6),  which  is  the  culmination  of  a  rising 
trend  since  1976.  Another  point  of  interest  is  the  relationship  between  ridging 
over  western  longitudes  at  700  mb  (including  the  enhanced  wave  pattern  over  the 
U.S.  related  to  the  well-observed  "heat  wave")  to  ridging  over  southern  Eurasia 
in  the  upper  troposphere  (the  "Tibetan"  anticyclone).  A  somewhat  coherent 
behavior  of  these  features  is  suggested  by  a  similarity  of  amplitude  and  phase 
changes  during  the  summer.  These  and  other  factors  suggest  that  the  U.S.  heat 
wave  was  but  one  aspect  of  a  broad  hemispheric  behavior. 

In  summary,  the  change  in  tropospheric  temperature  and  wind  regime  from 
early  to  late  winter  was  associated  with  a  systematic  development  of  planetary 
wave  2,  marked  by  low  to  high  latitude  propagation  of  wave  amplitude  anomaly. 
The  relationships  indicated  among  wave  and  wind  anomalies  suggest  there  may  be 
diagnostic,  and  possibly  predictive,  value  in  monitoring  wave  2  developments. 
In  the  stratosphere,  the  major  warming  of  early  1980  has  provided  further 
evidence  of  the  importance  of  wave-wave  interaction  for  warming  events.  In 
this  respect,  observation  may  be  a  little  ahead  of  theory,  because  model  simula- 
tions invoking  certain  theoretical  concepts,  to  date^ have  assumed  single-wave 
forcing  for  this  phenomenon.  With  regard  to  the  U.S.  heat  wave  in  summer 
1980,  we  have  strong  indications  that  this  was  but  one  aspect  of  anomalous 
hemispheric  behavior,  and  full  understanding  of  what  happened  in  the  U.S.  will 
probably  require  careful  study  of  hemispheric  variables. 

FIGURE  LEGENDS 

Fig.  1     Anomaly  in  500-mb  mean  zonal  temperature  (departure  from  "climatology"), 
deg  C  (top);  and  anomaly  in  200-mb  mean  zonal  wind  m  s--*-  (bottom).   In  February, 
positive  anomaly  reached  8  m  s--*-  near  30°N. 

Fig.  2     Amplitude  (gpm)  of  500-mb  height  wave  2,  based  on  monthly  mean  charts 
(top)  and  anomaly  in  same  (middle);  and  axes  of  maximum  and  minimum  anomaly  in 
wave  amplitude  and  zonal  wind,  the  latter  at  200  mb  (bottom).   Axes  are  drawn 
exactly  according  to  the  numerical  data. 

Fig.  3     Traces  of  daily  10-mb  zonal  mean  temperature  near  the  Equator  and 
North  Pole,  showing  gradient  reversal  in  late  February. 
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Fig.  4     Time-section  of  zonal  mean  geostrophic  wind  at  65°N  (m  s  1),  showing 
reversal  to  easterlies  by  early  March. 

Fig.  5     Time-latitude  sections,  based  on  monthly  data,  of  10-mb  zonal  mean 
wind  (top)  and  its  anomaly  (bottom).  Note  long  time-scale  of  anomalies  and  lead 
from  low  latitudes. 

Fig.  6     Anomaly  in  100-mb  zonal  mean  height  at  30°N,  for  summer  months 
1976-80. 
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The  heavy  California  winter  rains  of  1979-80  as  a 
manifestation  of  macroscale  air/sea  coupling 

Jerome  Namias 
University  of  California,  San  Diego 
Scripps  Institution  of  Oceanography 
La~Jolla,  California  92093 


This  paper  represents  an  attempt  to  show  that  heavy 
California  rains  such  as  occurred  in  the  winter  of  1979-80 
are  frequently  associated  and  probably  caused  by  large- 
scale  interactions  between  the  eastern  Pacific  atmospheric 
circulations  and  the  coupled  sea  surface  temperatures.   The 
immediate  causes  of  the  heavy  rainfalls  are  discussed  and 
indicate  the  sensitivity  of  southern  California  coastal  rain- 
fall to  the  prevailing  mid-tropospheric  flow  impinging  on  the 
coast.   The  individual  processes  involve  orographic  lifting, 
atmospheric  vertical  motions  associated  with  fronts  and  storms, 
humidity  and  temperature  distribution  with  elevation  and  induce- 
ment of  tropical  air  into  the  systems  and  air-sea  temperature 
contrasts . 

Some  of  the  above  physical  factors  are  shown  to  be 
implied  by  correlation  fields  between  southern  California 
rainfall  in  winter  months   and  the  contemporary  anomalous 
wind  patterns  in  mid-troposphere.   This  correlation  pattern 
also  implies  the  conditions  leading  to  extremely  dry  situa- 
tions often  associated  with  the  well  known  Santa  Anas. 

Although  the  winter  1979-80  was  an  extreme  period  in 
terms  of  precipitation,  it  is  shown  that  the  winters  of  19  77- 
78  and  1968-69  had  similar  characteristics — particularly  in 
terms  of  sea  surface  temperature  patterns .   These  patterns 
involve  very  cold  water  in  the  Central  Pacific  but  abnormally 
warm  water  extending  southwestward  from  California.   The 
anomalous  gradient  between  these  two  extensive  water  masses  was 
sharp  and  existed  perhaps  25-30°  westward  of  California. 

It  is  shown  that  this  gradient  of  sea  surface  temperature 
existed  for  several  months  before  the  onset  of  the  winter  rains, 
a  fact  which  holds  out  the  hope  for  longer  than  one  season  pre- 
diction of  atmospheric  climatic  anomalies. 

It  must  be  stressed,  however,  that>  in  order  for  the  resident 
sea  surface  temperature  pattern  to  influence  the  overlying  atmo- 
sphere, proper  reinforcement  from  the  atmospheric  pattern  must  occur 
In  this  case  the  excitation  of  the  storms  may  have  been  provided  by 
the  sea  surface  temperature  gradient.   This  coupling  could  occur 
mainly  during  late  winter  when  westerlies  and  storm  tracks  are 
normally  at  their  farthest  south  position. 
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Obviously,  the  sea  surface  temperature  distribution  de- 
scribed will  not  produce  excitation  of  storms  in  other  seasons, 
when  the  normal  seasonal  forcing  provides  for  a  northerly  storm 
track.   This  coupling  is  so  sensitive  as  to  make  small  scale 
one  season  predictions  very  difficult,  but,  in  spite  of  this, 
modest  success  has  been  achieved  for  the  California  and,  indeed, 
western  U.  S.  area  over  the  past  five  years. 
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LEGENDS  TO  FIGURES 


Fig.  1    Isopleths  of  correlation  (drawn  for  every  0.10) 

between  winter  precipitation  in  southern  California 
coastal  area  (heavy  black)  and  sea  level  pressure 
elsewhere.   Note  that  heavy  southern  California 
precipitation  is  associated  with  low  pressure, 
southwest  anomalous  flow  immediately  off  coast,  and 
higher  pressure  than  normal  in  the  central  Pacific. 
Dry  conditions  (Santa  Anas)  are  associated  with 
opposite  type  circulation. 

Fig.  2    Observed  percentages  of  normal  precipitation  over 
western  third  of  U.  S.  (top) for  winters  of  1975-76 
through  19  70-80,  and  predicted  Heavy,  Moderate  or 
Light  classes  (below) .  Note  severe  drought  of  19  76- 
77  winter  and  heavy  rains  in  1977-78  and  1979-80 
winters . 

Fig.  3    (Lower)  Observed  sea  surface  temperature  anomalies 
and  anomalies  of  700  mb  height  for  winter  1979-80. 
Temperatures  warmer  than  1°F  are  shaded  to  the 
right  of  the  strong  gradient  while  below  normal 
temperatures  are  to  the  left.  (Top)   Specified 
SST  patterns  from  lower  700  mb  anomalies  and  also 
specified  700  mb  anomalies  from  observed  SST 
anomalies.  Note  reasonable  agreement  between 
specified  and  observed  field. 

Fig.  4  Principal  cyclone  tracks  in  February  1980.  Note 
southward  displacement  of  tracks  associated  with 
southward  displacement  of  westerlies. 

Fig.  5    Vertical  temperature  and  dewpoint  distribution 

for  wet  month  of  February  19  80  and  dry  February  19  77, 
Note  the  higher  surface  temperatures  and  dewpoints 
in  boundary  layer  for  wet  month  relative  to  dry. 

Fig.  6    700  mb  contours  (solid)  and  sea  surface  temperature 
anomalies  (shaded)  for  December  19  79  and  January  and 
Feburary  1980.   Note  strong  SST  gradient  near  area 
of  maximum  cyclonic  curvature. 

Fig.  7    700  mb  contours  and  SST  anomalies  for  September, 
October,  November  and  December  1979.   Note  per- 
sistence over  long  period  which  held  roughly 
throughout  the  subsequent  winter. 

Fig.  8    (Lower)   Observed  winter  700  mb  height  anomalies 
(solid  lines)  and  SST  anomalies  (shaded).  Note 
strong  SST  gradient  and  relationship  to  anomalous 
trough  off  West  Coast.  (Top)  Specified  SST  anomalies 
and  700  mb  anomalies  based  on  conditions  observed 
in  lower  portion  of  figure. 
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Fig.  9    SST  anomalies  preceding  and  during  the  1968-69 
winter.  Note  strong  gradient  with  southwest- 
northwest  orientation. 

Fig.  10   SST  anomalies  for  the  antecedent  months  to  1969 
winter.   Note  persistence  of  strong  gradient 
between  cold  and  warm  water. 

Fig.  11  Antecedent  months  SST  anomalies  for  March,  April, 
May  and  June  196  8.   Note  tenacity  of  strong 
northwest- southeast  gradient  off  West  Coast. 

Fig.  12   Winter  SST  anomalies  during  wet  winter  1977-78. 
Note  strong  gradient  off  coast. 

Fig.  13   Isopleths  of  700  mb  anomalies  (solid)  and  SST 
anomalies  (shaded)  for  the  dry  winter  19  76-77. 
While  strong  gradient  between  cold  and  warm 
water  is  indicated  note  that  it  is  oriented 
north-south  in  contrast  with  wet  winters.   Note 
also  the  domination  of  the  West  Coast  by  posi- 
tive height  anomalies. 

Fig.  14   (Upper)  Pattern  correlation  between  SST  field  in 
1980  with  patterns  of  other  winters — also  700  mb 
height  pattern  correlations.   Bottom  of  figure 
shows  total  precipitation  observed  in  south  coast 
of  California  drainage  area.   Note  that  the  wet 
winters  of  1978  and  1969  had  similar  large  scale 
SST  patterns  to  19  80.   However,  other  years  like 
1958  and  1959  do  not  show  comparable  precipitation 
because  of  great  sensitivity  of  small  southern 
California  areal  precipitation  to  SST  and  700  mb 
patterns.   In  other  words,  tuning  between 
atmosphere  and  ocean  must  be  fine  to  use  in  pre- 
diction studies. 
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Principal  Tracks  of  Centers  of  Cyclones  at  Sea  Level,  North  Pacific 


Figure   4 
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SNOW  AND  ICE  IN  1979-80:   A  GLOBAL  OVERVIEW 


G.  Kukla  and  J.  Gavin 

Lamont-Doherty  Geological  Observatory 
Palisades,  NY   10965   USA 


Snow  and  sea  ice  indices  were  updated  through  July  1980 
from  information  contained  in  the  NOAA  and  Navy  charts.   Both 
the  area  and  the  parametrized  surface  reflectivity  are  reported 
on  a  global  and  regional  ba^is.   The  following  general  observa- 
tions can  be  made: 

1)  Snow  in  the  Northern  Hemisphere  was  less  extensive 
than  the  previous  year  in  all  months  with  the  most 
marked  decrease  occurring  from  October  1979  through 
January  1980  (Fig.  1) .   Expectably,  the  12  month 
running  means  of  total  snow  cover  area  and  surface 
reflectivity  for  land  north  of  30 °N  showed  a 
decrease  (Fig.  2) .   (Figures  for  October  and 
November  are  preliminary  and  will  require  future 
revisions  since  there  were  insufficient  data  available 
at  the  time  of  the  original  analysis.) 

2)  The  parameterized  surface  reflectivity  for  land  between 
30-90°N  increased  from  February  through  April  1980 
with  both  March  and  April  at  record  high  levels 

(Fig.  1) .   Regionally  this  increase  can  be  attributed 
to  eastern  Asia,  eastern  Europe  and^ to  a  lesser  extent, 
central  Asia  (Fig.  3) . 

3)  Arctic  ice  was  less  extensive  in  all  months  except 
May,  June,  and  August.   The  largest  decrease  of  ice 
area,  compared  to  the  previous  year,  occurred  in 
October.   As  a  result,  the  12  month  running  means  of 
ice  cover  extent  and  of  the  sea  surface  reflectivity 
decreased  (Fig.  5) .   The  reflectivity  index  showed  an 
increase  from  April  through  July  but  decrease  in 
other  seasons  (Fig.  4) . 

4)  Regionally,  the  departures  of  ice  cover  in  the  North 
Atlantic  segment  (Barents  and  the  East  Greenland  Sea) 
and  in  the  Sea  of  Okhotsk  were  generally  out  of  phase 
with  that  in  the  Bering,  Chuckchee,  and  Beaufort  Seas 

(Fig.  6) . 

5)  The  Antarctic  pack  ice  extent  decreased  compared  to 
the  previous  year  in  all  months  except  September 
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through  November  of  1979  (Fig.  7) .   The  monthly 
averages  for  December  1979  through  July  1980  are  the 
lowest  of  the  analysed  interval.   This  is  also  true 
for  the  12  month  running  means  of  the  total  ice  extent 
and  of  the  surface  reflectivity  index  (Fig.  8).   An 
especially  large  negative  departure  of  the  sea  ice 
area  was  observed  in  the  Ross  Sea  segment  (Fig.  9) . 


Kukla,  G.  and  Gavin,  J.  19  78.   Proceedings  of  the  Third  Annual 
Climate  Diagnostics  Workshop,  October  31-November  2, 
1978,  Miami,  Florida.   9-1/9-15. 
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Fig.  1.   Average  monthly  departures  from  the  1974-78  means  of  total  snow  extent  in  the  Northern  Hemisphere 
(solid  line)  and  of  the  surface  reflectivity  index  (dashed  line)  for  land  between  30-90°N. 
Vertical  scale  in  increments  of  10  km  of  snow  cover  area  and  1%  of  surface  reflectivity.   More 
extensive  snow  area  and  higher  reflectivity  plotted  upwards.   Data  through  July  1980.   Observe 
the  decrease  of  snow  cover  compared  to  the  previous  year  but  an  increase  of  relative  reflectivity 
in  February,  March  and  April. 
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Fig.  2:   The  twelve  month  running  means  of  total  snow  extent 

(in  10  km  -  solid  line)  and  of  surface  reflectivity  index 
(in  %  -  dashed  line)  for  land  area  north  of  30°N.   Plotted 
at  the  terminal  date  with  the  end  of  each  year  marked.   Note 
the  continued  drop  from  1978  in  both  variables. 
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Fig.  3.  Twelve  month  running  means 
of  land  surface  reflectivity  index 
north  of  30°N.  Meridional  segments 
EAS  from  120°E-170°W;   NAW:  170'W- 
100°W;   NAE:  North  America  and 
Greenland  east  of  100*W;   CAS: 
60-120°E;   ERE:  30-60°E;  £UR:  Europe 
to  30°E.   Plotted  at  the  terminal 
date.   Scale  in  %  of  surface  reflec- 
tivity.  Observe  the  last  year's  drop 
of  surface  reflectivity  in  North 
America  and  Europe  and  increase  in 
Asia. 
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Fig.  4.  Average  monthly  departures  from  the  1974-78  means  of  total  ice  extent  (solid  line)  and  of  surface 
reflectivity  (dashed  line)  for  the  ocean  north  of  30°N.   Scale  in  units  of  .2  million  km  and  .2% 
of  surface  reflectivity.   Ice  extent  represents  concentrations  greater  than  1/10  or  1/8  and 
includes  polynyas.   The  surface  reflectivity  index  increased  from  April  through  July  1980  but 
decreased  in  other  seasons. 
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Fig.  5. 


Twelve  month  running  means  of:   ocean  reflectivity  north  of  30°N  (C) ;   total  ice  extent  in  concentrations 
greater  than  1/10  or  1/8  including  polynyas  (A)  and  ice  extent  in  concentrations  i  50%  excluding  polynyas 
(B) .   Plotted  at  terminal  date  with  end  of  each  year  marked.   Observe  the  moderate  decrease  of  all  three 
variables  during  the  last  year. 
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Fig.  6. 


Twelve  month  running  means  of  ice  extent  for  selected  geographic 
regions  (curves  A  and  B)  (description  as  in  Figure  5) .   Selected 
segments  are  BER:   Bering,  Chuckchee,  and  Beaufort  Seas;   NAT: 
Barents  and  East  Greenland  Seas;   OCH;  Ochotsk  Sea;   LAB: 
Labrador  Sea.   Segment  boundaries  in  Kukla  and  Gavin  (1978)  . 
Scale  in  millions  km  . 
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Fig.  7.   Average  monthly  departure  from  the  1974-78  means  of  total  Southern  Hemisphere  ice  extent  in  concen- 
trations above  1/10  or  1/8  including  polynyas  (solid  line)  and  of  the  surface  reflectivity  index 
south  of  30°S  (dashed  line).   Scale  in  units  of  .5  million  km  and  .5%  surface  reflectivity. 
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Fig.  8. 

Twelve  month 

running  means  of 

surface  reflectivity  (C) 

and  ice  extent  in  the  Southern 

Hemisphere  (A  and  B) .   Description  as 

in  Figure  5.   Observe  the  record  lows  ending 

July  1980  in  a]]  three  variables. 
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The  tropical  circulation  during  1980  and 
its  relation  to  that  of  recent  years 

Arthur  F.  Krueger 
Climate  Analysis  Center 

MMC/NWS/NOAA 
Washington,  D.  C.   20233 

For  the  fourth  winter  in  a  row  the  South  Pacific  anticyclone  has  remained 
weaker  than  normal.  This  anomaly  originated  with  a  major  change  in  circulation 
over  the  tropical  Pacific  that  began  back  in  1976.  One  index  of  this  prolonged 
weakness  of  the  South  Pacific  circulation  is  the  anomaly  of  the  Easter  minus 
Darwin  pressure  difference  shown  at  the  top  of  figure  1.  This  time  series  was 
above  normal  during  1975-76.  It  dropped  abruptly  during  the  first  half  of  1976 
and  has  essentially  remained  negative  ever  since.  The  other  time  series  shown 
in  figure  1  behaves  in  a  similar  manner  although  there  are  some  significant 
differences  after  mid-1976.  This  is  especially  true  of  the  two  8  50  mb  tradewind 
indices.  At  140  W  the  trades  remained  weak  during  most  of  1976  and  1977  but 
recovered  during  1978.  At  170  E  however  -  except  for  the  1976-77  winter  -  they 
have  been  weak  during  northern  winter  with  even  westerly   flow  occurring. 

At  the  bottom  of  figure  1  is  a  time  series  for  the  longwave  radiation 
anomaly  at  the  Equator  and  180°.  The  maximum  occurring  during  1975-76  indicates 
that  the  equatorial  Pacific  dry  zone  extended  well  west  of  normal  at  this  time 
and  is  rather  typical  of  a  strong  tradewind  regime  over  the  equatorial  Pacific. 
As  the  trades  weakened  during  1976,  cloudiness  extended  east  of  the  dateline  and 
the  longwave  cooling  decreased.   It  has  remained  low  ever  since. 

The  nature  of  these  changes  in  longwave  radiation  and  cloudiness  over  the 
tropical  Pacific  can  be  seen  in  figure  2.  Here  the  past  five  winters,  with  1976 
at  the  top  and  1980  at  the  bottom,  are  shown.  Note  the  extent  of  the  equatorial 
Pacific  dry  zone  during  the  1976  winter.  The  27  5  W  m~2  contour  is  a  good  measure 
of  this  and  it  extends  westward  to  the  dateline  during  the  season.  During  the 
following  winters  it  receded  to  the  east  as  cloudiness  (and  rainfall)  moved  into 
the  Central  equatorial  Pacific.  In  particular,  note  bow  far  east  the  275  W  m~^ 
contour  was  during  the  1978  winter.  Near  the  dateline  the  longwave  radiation 
was  now  less  than  225  W  m  z  which  represents  a  decline  of  50  W  m  L  since  the 
1°>76  winter.  This  represents  an  eastward  extension  of  the  Southern  Indo-Pacific 
convergence  during  these  winters,  and  as  would  be  expected  it  was  also  accompanied 
by  an  extension  of  the  surface  equatorial  westerlies  to  the  east  of  the  dateline. 

It  is  interesting  that  the  equatorial  Pacific  dry  zone  began  to  extend 
slightly  westward  again  during  this  past  winter  (1980).  Note  that  the  western 
terminus  of  the  275  W  m~2  contour  was  located  near  170°  W.  Despite  this,  the 
tropical  circulation  during  this  season  essentially  represents  a  continuation  of 
the  regime  that  characterized  the  previous  three  winters.  Again  the  Southern 
Indo-Pacific  convergence  stretched  eastward  from  Africa  into  the  central  tropical 
Pacific  and  from  here  extended  toward   higher  southern  latitudes. 

Because  of  frequent  transient  disturbances  these  regions  of  low  outgoing 
radiation  are  characterized  by  a  large  interdiurnal  variability.  The  standard 
deviation  (sigma)  of  the  twice  daily  observations  about  the  seasonal  mean  is  a 
measure  of  this  and  is  shown  in  figure  3  for  the  winters  of  1980  (top)  and  1976 
(bottom).  Although  in  many  respects  similar,  there  are  nevertheless  important 
differences.  In  particular,  the  Southern  Indo-Pacific  convergence  experienced 
larger  variability  during  the  1980  winter  than  during  that  for  1976.  Note  the 
larger  areas  of  40  W  m-2  over  both  the  Pacific  and  Indian  Oceans.   At  the  Equator 
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and  180°  sigma  increased  from  20  to  35  W  m~2  while  over  the  eastern  Pacific  in 
contrast,  it  continued  low.  It  is  interesting  that  the  variability  over  the 
Southern  Hemisphere,  particularly  the  South  Pacific,  was  greater  during  the  1980 
season.  This  suggests  a  greater  amount  of  storminess  during  that  austral  summer 
than  during  1976  and  this  in  turn  contributed  to  the  maintenance  of  a  weaker 
South  Pacific  anticyclone. 

The  weakness  of  the  South  Pacific  anticyclone  during  this  1980  season  relative 
to  that  for  1976  is  shown  at  the  bottom  of  figure  4.  This  is  the  streamfunction 
of  the  1000  mb  vector  wind  difference  between  the  1980  winter  and  that  for  1976. 
The  actual  streamfunction  for  winter  1980  is  shown  above.  Heavy  dots  on  both  of 
these  maps  locate  stations  over  the  South  Pacific  that  are  often  used  to  compute 
a  Southern  Oscillation  Index.  In  the  lower  figure  note  the  relative  cyclonic 
rotation  that  is  very  nearly  located  over  the  South  Pacific  anticyclone  shown 
above.  The  greatest  reduction  in  tradewind  strength  appears  in  the  central 
equatorial  Pacific  -  note  the  relative  westerly  flow  here.  Westerly  flow  - 
indicated  by  the  shaded  areas  in  the  upper  figure  -  extended  eastward  from 
Africa  across  the  Indian  Ocean  toward  Polynesia.  Over  the  North  Pacific  in 
contrast,  some  increase  in  tradewind  strength  is  indicated  near  10°  latitude 
(fig.  4,  bottom). 

This  strengthening  of  the  northern  trades  was  also  accompanied  by  a  stronger 
than  normal  subtropical  Jetstream  over  the  North  Pacific  (fig.  5,  lower).  Essen- 
tially this  Jetstream  elongated  from  the  western  Pacific  downstream  to  about  150  W. 
Note  the  extent  of  the  shaded  area  over  the  Pacific  which  represents  speeds  greater 
than  40  m  s--*-  (fig.  5,  upper).  Concurrently  the  200  mb  anticyclone,  normally 
located  east  of  the  Philippines,  also  extended  eastward  as  did  the  275  w  m~^ 
maximum  in  longwave  radiation  (figure  2).  Figure  3  indicates  that  this  was  a 
persistent  feature  of  the  circulation  during  this  season  as  sigma  in  turn  decreased 
here  (compare  with  that  for  1976  at  the  bottom  of  figure  3). 

The  most  striking  feature  of  the  upper  tropospheric  flow  over  the  Tropics 
was  the  continued  weakness  of  the  equatorial  westerlies  east  of  180°.  Figure  1 
compares  the  time  series  of  these  200  mb  equatorial  westerlies  with  several 
other  indices;  In  the  lower  part  of  figure  5  also  note  the  relative  easterly 
flow  over  the  equatorial  Pacific  with  anomalous  subtropical  westerlies  north  and 
south.  Figure  6  indicates  that  stronger  subtropical  westerlies  over  both  the 
North  and  South  Pacific  appear  to  be  typical  features  of  the  circulation  during 
periods  of  weak  equatorial  westerly  flow. 

The  relation  of  sea  surface  temperatures  in  the  eastern  tropical  Pacific  to 
the  time  series  shown  in  figure  1  is  not  a  simple  one.  Four  such  series  are  shown 
in  figure  7.  The  ocean  warming  indicated  during  1976  is  especially  noteworthy 
and  corresponds  with  the  major  change  in  tropical  circulation  noted  earlier  and 
indicated  in  figure  1.  During  1977  however,  temperatures  in  the  equatorial 
current  (the  two  center  curves  in  figure  7)  dropped  rapidly,  while  they  remained 
above  normal  at  10°  N  and  S  (top  and  bottom  curves).  Since  1978  the  equatorial 
current  has  warmed  again  and  recently  has  even  averaged  slightly  above  normal. 
South  of  the  Equator  (10  S,  140  W)  temperatures  have  essentially  continued  above 
normal  since  late  1976  while  at  10  N,  110  W  they  have  dropped  to  near  normal 
which  is  still  close  to  28°  C. 

The  contrast  in  the  two  most  recent  summer  tropical  circulations  is  also 
noteworthy.   While  the  1979  Asian  monsoon  was  weak,  that  for  1980  was  stronger 


60 


than  normal.  A  comparison  of  the  outgoing  longwave  radiation  for  these  two 
summer  regimes  indicates  a  large  area  of  225  W  m-^  or  less  over  southeast  Asia 
and  the  western  Pacific  during  1980  (fig.  8,  upper).  It  also  covered  much  of 
the  Indian  subcontinent  in  contrast  to  1979  when  only  the  eastern  Bay  of  Bengal 
was  covered  (fig.  8,  lower).  The  lower  values  of  the  longwave  radiation  during 
1980  were  accompanied  by  a  stronger  high  level  anticyclone  over  southeast  Asia 
and  the  western  Pacific  (fig.  9).  Accordingly  200  mb  wind  speeds  in  the  easterly 
tropical  Jetstream  were  also  stronger  with  speeds  above  20  m  s--*-  over  the  Arabian 
Sea.  Across  the  Equator  in  the  winter  hemisphere  the  westerlies  were  stronger 
east  of  Australia  during  1980  than  during  1979.  (The  shaded  areas  in  figure  9 
represent  either  easterly  winds  of  10  m  s~l  or  more  or  Southern  Hemisphere 
westerly  winds  of  40  m  s~l  or  more.) 
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Atlantic  and  Eastern  Pacific  Tropical  Cyclones  in  1980 
and  Some  Relations  with  the  Large-Scale  Circulation 


Carl  0.  Erickson 
Climate  Analysis  Center 

NMC/NWS/NOAA 
Washington,  D.  C.  20233 


A.   Brief  Account  of  Historical  Record. 

Figure  1  is  a  computer  plot  of  all  North  Atlantic  tropical  cyclone 
tracks  over  the  92-year  period  1886-1977.   A  crude  parabolic  configuration, 
with  a  concentration  of  activity  over  the  western  portions  of  the  ocean 
basin,  is  apparent. 

North  Atlantic  averages  for  an  80-year  period  of  relatively  reliable 
data  beginning  in  1899  are  given  in  Table  1,  line  2.  Averages  for  a  shorter 
13-year  period,  1966-78,  are  given  in  line  3.   This  recent  shorter  period 
includes  both  a  period  of  above-average  activity,  1968-71,  and  a  period  of 
below-average  activity,  1972-77,  thus  reducing  the  possibility  of  overall 
bias  within  that  13-year  period.   Comparison  with  the  longer  80-year  period 
indicates  no  apparent  trend.   However,  the  extreme  years  of  1914  and  1933 
(lines  4  and  5)  show  the  great  fluctuations  that  have  occurred  in  interannual 
activity. 

Statistics  for  the  current  year,  1980,  show  the  North  Atlantic  as 
having  a  near-average  number  of  tropical  cyclones  but  an  above-average  number 
of  cyclone  days  (two  hurricanes  in  existence  on  the  same  day  equals  two 
hurricane  days,  etc.).   The  latter  is  a  better  measure  of  overall  tropical 
cyclone  activity. 

Over  the  last  four  years,  1977-1980,  there  has  been  a  general  uptrend 
in  North  Atlantic  tropical  cyclone  activity.   Figure  2  shows  storm  tracks 
for  1977  —  an  unusually  inactive  year  in  which  there  were  no  storms  over 
the  central  and  eastern  Atlantic  or  the  eastern  Caribbean.   Unfavorable 
large-scale  circulation  patterns,  including  weakei — than-normal  subtropical 
anticyclones  and  above-average  vertical  wind  shear  at  low  latitudes,  have 
been  cited  as  being  at  least  partly  responsible  for  the  lack  of  tropical 
activity  in  that  year.   By  contrast,  1979  was  a  year  of  near  normal  activity, 
including  a  return  to  some  Cape  Verde  type  tropical  cyclones.   Major  hurri- 
canes David  and  Frederick  were  of  this  type  (see  paper  by  Wagner). 

For  the  eastern  North  Pacific,  relatively  reliable  statistics  exist 
only  for  about  the  last  two  decades  —  the  era  of  the  meteorological  satel- 
lite.  Table  1  shows  that,  for  the  period  1966-78,  the  average  number  of 
eastern  Pacific  storms  and  hurricanes  has  been  greater  than  for  the  North 
Atlantic.   There  is  reason  to  believe  that  the  same  disparity  probably  has 
existed  for  a  much  longer  period.    In  1980,  eastern  Pacific  storms  numbered 
near  their  13-year  average. 
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B.  Atlantic  Tropical  Cyclones  in  1980. 

North  Atlantic  tropical  cyclone  activity  in  1980  continued  the  uptrend 
of  the  previous  two  years  (see  Table  2).    In  July,  before  the  first  storm 
of  the  season  had  formed,  a  large-scale  circulation  pattern  broadly  favorable 
for  tropical  cyclone  development  was  in  existence.   This  included  the 
"3-wave"  pattern  of  stronger-than-norma I  anticyclones  over  the  eastern  Pacific, 
U.  S.,  and  North  Atlantic  (see  paper  by  Dickson),  permitting  a  relatively 
broad  easterly  current  over  the  Tropics.   Additionally,  the  sea-surface  temp- 
eratures (not  shown)  were  near  or  slightly  above  normal  over  much  of  the 
tropical  Atlantic. 

Despite  the  seemingly  favorable  environment,  only  one  Atlantic  tropical 
cyclone  occurred  before  mid-August.   However,  that  one  hurricane  —  Allen  — 
was  a  record-breaker.    It  became  the  second  most  intense  Atlantic  hurricane 
of  record  (central  pressure  899  mb)  while  traversing  the  northwestern  Carib- 
bean, being  exceeded  in  intensity  only  by  the  1935  Labor  Day  hurricane  in  the 
Florida  Keys.   Within  the  Caribbean  itself,  Allen  is  the  most  intense  hurri- 
cane of  record.   One  must  caution  that  these  statistics  are  not  absolute,  as 
the  intensities  of  some  storms  during  the  earlier  years  of  this  century  are 
not  well  documented. 

Figure  3  shows  the  track  of  Allen  together  with  the  mean  flow  for  August 
1980  for  the  mid-tropospheric  layer  700-300  mb.   Numbers  beside  directional 
arrows  are  layer-mean  wind  speeds  (m  s~^).   A  large  anticyclone  is  centered 
near  26N,  35W,  with  broad  easterly  flow  to  the  south.   The  track  of  Allen 
agrees  very  well  with  the  implied  steering. 

The  mid-August  to  mid-October  portion  of  the  North  Atlantic  hurricane 
season  (figure  4)  was  quite  different  from  the  early  season.   Whereas  the 
early  season  featured  one  super-hurricane,  traversing  the  entire  width  of  the 
Atlantic  basin,  the  succeeding  period  had  no  less  than  8  cyclones,  all  much 
less  intense,  and  most  moving  northward  in  the  central  Atlantic.   None  affec- 
ted the  Eastern  U.  S.   Although  the  Atlantic  mean  anticyclone  was  weaker  in 
September  than  in  August,  it  is  not  obvious  why  such  a  large  proportion  of 
the  storms  followed  northward  paths  in  mid-ocean.   The  mean  mid-ocean  flow 
at  40W  did  have  a  weak  southerly  component  at  all  latitudes  between  15N  and 
40N,  but  the  flow  was  so  weak  that  this  can  be  only  a  partial  explanation. 

It  is  noteworthy  that  the  two  tropical  cyclones  that  entered  Texas  in 
1980  (Allen,  and  a  much  weaker  storm  —  Danielle)  together  accounted  for  a 
large  fraction  of  the  total  summer  rainfall  over  that  state.   Otherwise, 
Texas  was  afflicted  by  heat  and  drought  (see  paper  by  Dickson). 

C.  Eastern  North  Pacific  Tropical  Cyclones  in  1980. 

Up  to  mid-August  1980,  while  the  North  Atlantic  was  having  one  excep- 
tional hurricane,  the  eastern  North  Pacific  was  experiencing  a  succession 
of  9  storms  of  weak  or  moderate  intensities  (Figure  5).   An  upper-tropo- 
spheric  anticyclonic  anomaly  over  Mexico  and  the  adjacent  Pacific  (Figure  6) 
plus  warm  water  at  low  latitudes  evidently  favored  storm  formation,  but 
layer-mean  steering  toward  the  northwest  (Figure  7)  soon  carried  most 
cyclones  into  an  environment  of  lower  SST  (Figure  8).   Consequently,  the 
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usual  cyclone  life  cycle  during  this  particular  1980  period  was  characterized 
by  rapid  formation,  a  short  track  toward  the  northwest,  and  relatively  rapid 
dissipation  over  an  increasingly  cooler  ocean. 

Although  the  sea-surface  temperature  analysis  of  Figure  8  is  for  only 
one  day  (near  the  midpoint  of  the  period),  the  overall  pattern  of  relatively 
large  SST  gradient  toward  the  northwest  was  a  persistent  summer  feature  and 
is  similar  to  the  c I imatolog ica I  mean  pattern  for  the  area.   Numerous  ship 
observations  off  the  Mexican  west  coast  lend  confidence  to  the  analysis. 

The  northwestward  steering  in  the  tropical  cyclone  area  (Figure  7)  is 
seen  to  be  a  peripheral  part  of  the  very  large  and  strong  continental  anti- 
cyclone centered  over  Oklahoma.   That  persistent  anticyclone  was  also  very 
influential  in  the  maintenance  of  the  1980  summer  heat  wave  over  the  U.  S. 
(see  paper  by  Dickson). 

Eastern  North  Pacific  cyclone  tracks  during  the  period  Aug  15-0ct  15, 
1980,  are  shown  in  Figure  9.   As  in  the  North  Atlantic,  a  rather  pronounced 
change  in  overall  activity  is  noticed  by  comparison  with  the  preceding  period. 
However,  in  the  eastern  Pacific  the  change  is  toward  fewer  storms  with  more 
zona  I ly-oriented  tracks,  whereas  the  North  Atlantic  change  was  in  the  opposite 
sense  toward  more  numerous  storms  with  more  meridiona I ly-oriented  tracks. 
Over  both  oceans,  small  but  perhaps  significant  changes  in  the  overall  mean 
steering  flow  seem  to  have  been  influential. 
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Table  1.  — Historical  summaries  of  North  Atlantic  and  eastern  North  Pacific 
tropical  cyclones. 


North  Atlantic 


No.  of 
Hurri- 
canes 


No.  of 
Storms  & 
Hurri- 
canes 


No.  of 
Hurri- 
cane 
Days 


No.  of 
Storm  < 
Hurri- 
cane 
Days 


1886-1898 

5.4 

8.5 

1899-1978 
(80  years) 

4.8 

8.3 

1966-1978 

5.7 

10.0 

(Extreme 

Years) 

1914 

0 

1 

1933 

9 

21 

(Current 

Year) 

1980 

7 

9 

21.5 
20.6 

0 
50 

(34) 


70.8 
47.7 
46.8 

5 
138 

(58) 


Eastern  North 
Paci  fie 

No.  of 
No.  of    Storms 
Hurri-    Hurri- 
canes    canes 


7.5 


14.8 


14 


*  preliminary  estimate  ( 1 980  tabulation  does  not  include  November  and  December) 


Table  2. 

— Tropica  I 

cyclone  stat 

'sties 

for 

each  of 

the 

last  four 

years. 

North  At 

antic 

No.  of 

Eastern 
Paci 

North 
Pic 

No.  of 

No.  of 

Storm  & 

No.  of 

No.  of 

Storms  & 

Hurri- 

Hurri- 

No. of 

Storms  & 

Hurri- 

Hurri- 

cane 

cane 

Hurri- 

Hurri- 

canes 

canes 

Days 

Days 

canes 

canes 

1977 

5 

6 

9 

17 

4 

8 

1978 

5 

11 

13 

44 

12 

18 

1979 

5 

8 

21 

48 

6 

10 

1980 

7 

9 

(34) 

(58) 
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Figure  1.  — Computer  plot  showing  the  tracks  of  the  761  known  Atlantic 
tropical  cyclones  reaching  at  least  tropical  storm  intensity 
over  the  92-year  period  1886-1977  (from  Neumann  et  al.,  1978). 
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Figure  2.  — Tracks  of  North  Atlantic  tropical  cyclones  in  1977  (from 
Lawrence,  1978). 
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Figure  3.  — Track  of  hurricane  Allen,  early  August  1980,  including  eastern  Atlantic  portions  of  less  than 
hurricane  intensity.  Arrows  and  plotted  numbers  represent  monthly  mean  flow  (m  s~')  for  August 
1980  for  the  mid-tropospher ic  layer  700-300  mb. 


Figure  4.  — Tracks  of  Atlantic  tropical  cyclones  for  the  period  August  14  -  October  15,  1980. 
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Figure  5.  —Tracks  of  eastern  North  Pacific  tropical  cyclones,  June  1 
August  15,  1980. 
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Figure  6.  — Streamf unction  anomaly  at  200  mb  for  summer  ( Jun-Ju l-Aug) 
1980.   Anomaly  is  based  on  summer  data  for  the  6-year  period 
1968-1973. 
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Figure  7.  — Monthly  mean  flow  Cm  S~ ' )  for  the  mid-tropospheric  layer 
700-300  mb  for  July  1980. 
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Figure  8.  — Sea-surface  temperature  analysis  for  13  July  1980. 


Figure  9.  — Tracks  of  eastern  North  Pacific  tropical  cyclones, 
August  15  -  October  15,  1980. 
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A  rotated  principal  conponent  analysis  of  the  intcrannual 
variability  of  the  500  nb  height  field 


John  D.  II orel 
Department  of  Atmospheric  Sciences 
University  of  Washington 
Seattle,  Washington   98195 

Principal  component  and  rotated  principal  component  solutions 
derived  from  time  series  of  monthly  mean  500  mb  height  are  compared. 
The  set  of  111  gridpoint  time  series  is  based  on  the  December,  January, 
and  February  monthly  means  of  twice-daily  NMC  gridded  analyses  from 
1962-63  through  1976-77;   this  is  the  same  data  set  used  by  Wallace  and 
Cutzler  (1980,  1981)  (hereafter  referred  to  as  WG).   The  spatial 
patterns  (eigenvectors  or  empirical  orthogonal  functions)  associated 
with  the  principal  components  are  computed  from  the  matrix  of 
cross-correlations  between  all  111  normalized  time  series.   The 
principal  components  that  satisfy  the  Kaiser  criterion  by  explaining 
more  than  one  unit  of  total  normalized  variance  are  linearly 
transformed  (rotated)  using  the  varinax  method  to  obtain  the  rotated 
principal  components. 

While  the  principal  components  are  the  best  general  factors  to 
describe  the  original  time  series,  the  rotated  principal  components 
have  several  advantages,  including:   they  emphasize  the  relatively  few 
strong  relatonships  among  the  time  series  and,  hence,  describe  more 
regional  scale  patterns;   while  they  are  temporally  uncorrelated ,  their 
spatial  patterns  (or  loading  vectors)  are  allowed  to  be  spatially 
correlated  and  are  simpler  to  interpret;   their  spatial  patterns 
resemble  the  observed  regional  anomaly  fields  during  those  months  when 
the  components  have  large  values;   and  they  are  less  dependent  upon  the 
domain  of  the  analysis.   A  drawback  of  the  rotated  principal  component 
solution  is  its  lack  of  uniqueness.   Experiments  with  the  data  set  used 
in  the  present  study  suggest  reasonable  changes  in  the  analysis 
procedure  do  not  noticeably  affect  the  results. 

The  percent  of  the  normalized  variance  explained  by  each  of  the  19 
principal  components  that  satisfy  the  Kaiser  criterion  and  by  each  of 
their  19  rotated  counterparts  is  shown  in  Table  1.   Note  that  the  total 
variance  explained  by  all  19  rotated  principal  components  and  principal 
components  is  the  same;   the  variance  lias  just  been  redistributed  so 
that  the  rotated  modes  explain  more  variance  locally. 

The  eigenvectors  associated  with  the  first  four  principal 
components  derived  from  the  above  data  set  have  been  shown  by  WC  and 
are  repeated  here  in  Fig.  1.   The  eigenvectors  are  quite  complicated, 
each  one  explaining  some  variance  in  many  different  regions,  compared 
to  the  loading  vectors  of  the  first  four  rotated  principal  components 
shown  in  Fig.  2.   The  first  rotated  mode  is  not  greatly  different  from 
the  first  principal  component  except  the  dominant  relationship,  a 
"seesaw"  in  the  west  Pacific,  is  enhanced  while  the  marginal 
correlations  near  Hudson  Bay  and  west  Africa  are  reduced.   The  second 
rotated  node  exhibits  a  "wavetrain"  type  pattern  with  one  center  of 
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action  in  the  suLtropics  and  additional  centers  of  action  downstream 
first  to  the  north  and  then  to  the  cast.   The  third  rotated  node 
represents  a  north-south  "seesaw"  in  the  Atlantic  while  the  fourth 
primarily  describes  the  variability  of  500  nb  height  near  the  North 
Pole. 

Fig.  3  summarizes  the  spatial  patterns  of  the  first  10  rotated 
principal  components.   From  Fig.  3  it  is  apparent  that  rotated 
principal  components  1,  2,  and  3  describe  strong  regional  standing 
oscillations  while  the  others  primarily  represent  either  weaker 
"seesaws"  or  nodes  with  only  one  center  of  action.   Modes  1,  2,  and  3 
are  also  very  similar  to  the  West  Pacific,  Pacif ic/Korth  American  (or 
East  Pacific)  and  Fast  Atlantic  patterns  determined  by  V1G   using  the 
negative  extrema  method.   The  weaker  pattern  of  node  5,  complicated  to 
interpret  because  its  center  of  action  overlaps  with  those  of  modes  2 
and  6,  is  sinilar  to  the  West  Atlantic  pattern  of  WC . 

Advantages  of  the  rotated  principal  component  model  compared  to 
the  negative  extrera  method  employed  by  l.'C  are  the  relative 
computational  convenience  and  objectivity  of  the  rotated  principal 
component  solution.   In  a  single  conputcr  run  the  spatial  patterns  and 
tine  series  of  the  rotated  principal  components  can  be  obtained  at  a 
cost  which  is  not  greatly  increased  from  that  required  to  calculate  the 
unrotated  components.   In  contrast,  the  negative  extrema  method  is 
quite  laborious,  and  requires  several  computer  runs  to  adequately 
identify  the  standing  oscillations. 


Wallace,  J.  m. ,  and  D.  S.  Outzler,  1980:   Horizontal  teleconnect ions 

during  the  Northern  Hemisphere  winter  season.   Proc.   Fourth  A_nn. 

Clin. Diag.   Wrkshp.  ,  296-306. 

19ul :   Teleconnect ions  in  the  geopotential  height  field  during 
the  Northern  Hemisphere  winter.   Submitted  to  Mon.  Wea.  Rev. 
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Figure  1.  Eigenvectors  of  the  first  four  principal  conponents  derived  fron 
500  nb  height  time  series  consisting  of  45  winter  months.   The 
value  of  the  k.   eigenvector  at  any  location  represents  the  tempo- 
ral correlation  between  the  k   principal  component  and  the  tine 
series  of  local  500  mb  height.   The  sign  convention  is  arbitrary. 
Contour  interval  0.2. 
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Figure  2.  Loading  vectors  of  the  first  four  rotated  principal  components 

derived  from  the  same  data  set  and  principal  components  described 
in  Fig.  1.  The  rotated  principal  components  are  a  varimax  rotation 
of  the  19  principal  components  whose,  first  four  spatial  modes  are 
shown  in  Fig.  1.  The  value  of  the  k  loadingtvector  at  any  loca- 
tion represents  the  correlation  between  the  k  rotated  principal 
component  and  local  500  nib  height.   Contour  interval  0.2. 
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Figure  3.  Summary  map  of  the  loading  vectors  associated  with  the  first  ten 
rotated  principal  components,  derived  from  the  same  data  set  and 
principal  components  described  in  Fig.  1.   The  summary  map  has 
been  superimposed  on  the  wintertime  mean  500. mb  height  contours 
(light  lines),  contour  interval  120  m.   The  +  0.6  isopleths  (heavy 
lines)  of  correlation  coefficient  between  each  of  the  ten  rotated 
principal  components  and  local  500  mb  height  are  shown;  correla- 
tions exceeding  +  0.75  are  shaded.  Dashed  lines  denote  the  +0.4 
for  selected  rotated  principal  components.   Labels  in  each  center 
of  action  indicate  the  number  of  the  rotated  principal  component 

•         and  the  sign  of  the  correlation  at  the  location  of  strongest  corre- 
lation. 
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Time  Evolution  of  Teleconnection  Patterns 

Harold  J.  Edmon,  Jr. 
Department  of  Atmospheric  Sciences 
AK-40,  University  of  Washington 
Seattle,  Washington  98195 

Cross-correlation  analysis  of  wintertime  500  mb  heights  has  revealed 
the  existence  of  several  "teleconnection  patterns"  over  the  Northern 
Hemisphere.   Modelling  results  suggest  that  some  of  these  patterns 
develop  in  the  Tropics  and  propagate  into  mid-latitudes.   This  paper  is 
an  examination  of  lag  cross-correlations  using  the  centers  of  one  tele- 
connection pattern  to  see  if  there  is  evidence  of  such  a  propagation. 

The  data  used  in  this  study  consists  of  five-day  contiguous  means 
of  twice-daily  NMC  octagonal  grid  analyses  for  November  through  March  for 
thirty  winters  from  1948-49  to  1979-80.   The  winters  of  1959-60  and 
1960-61  were  not  used  due  to  data  problems  during  1960.   Seasonal  and 
interannual  variability  was  eliminated  by  fitting  a  quadratic  to  each 
individual  winter  and  then  subtracting  it  out.   Individual  cross- 
correlation  maps  consist  of  correlations  between  500  mb  height  at  a  fixed 
base  grid  point  and  500  mb  height  at  every  grid  point  over  the  hemisphere 
five  days  earlier  (-1  lag) ,  simultaneously  (0  lag)  or  five  days  later 
(+1  lag) .   The  base  grid  points  chosen  are  the  four  centers  of  the 
Pacific-North  American  pattern  derived  by  Gutzler  and  Wallace  (1981)  from 
monthly  mean  data:   20°N,  160°W;  45°N,  165°W;  55°N,  115°W;  30°N,  85°W. 
Five-day  means  were  used  since  they  eliminate  baroclinic  instabilities 
and  because  model  results  suggest  a  propagation  time  of  two  days  from  one 
center  to  the  next. 

Figure  1  shows  the  0  lag  pattern  for  the  western  two  points  of  the 
pattern.   These  reveal  the  four  point  teleconnection  pattern  over  the 
east  Pacific  and  North  America,  with  only  small  correlations  elsewhere. 
Figure  2  shows  the  -1  lag  pattern  for  these  points.   This  map  indicates 
how  the  heights  over  the  hemisphere  five  days  ago  are  correlated  to  the 
"current"  height  values  at  these  points.   The  patterns  show  that  these 
two  base  points  are  connected  to  themselves  and  each  other,  with  smaller 
correlation  elsewhere.   Figure  3  shows  the  +1  lag  pattern  for  these 
points.   This  map  indicates  how  heights  five  days  ago  at  the  points  are 
correlated  with  the  "current"  hemispheric  heights.   Both  of  these  maps 
show  the  complete  four  point  pattern,  whereas  Fig.  2  did  not.   The 
Aleutian  point  shows  correlations  with  the  eastern  two  points  that  are 
nearly  as  high  in  Fig.  3  as  the  0  lag  correlations  in  Fig.  1.   The  corre- 
lations in  Fig.  2  are  much  weaker.   This  asymmetry  between  Figs.  2  and  3 
indicates  that  the  downstream  points  are  preferentially  influenced  by 
heights  in  the  Aleutians  five  days  earlier,  suggesting  propagation  of  the 
centers. 

Figures  4,  5,  6  show  the  0,  -1,  +1  lag  patterns  respectively  for  the 
eastern  two  points.   In  these  figures  the  four  point  pattern  occurs  best 
in  the  0  and  -1  lag  maps,  indicating  that  the  heights  at  these  points  are 
influenced  preferentially  by  past  height  changes  to  the  west,  again  indi- 
cating possible  propagation  of  these  patterns.   Maps  of  -2  and  +2   lags 
(not  shown)  were  also  calculated  for  these  points,  but  they  showed  no 
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correlations  outside  the  range  of  ±0.2.   The  time  scale  of  this  propaga- 
tion agrees  with  modelling  results  performed  by  Brian  Hoskins  in  which 
he  placed  a  vorticity  source  in  the  Tropics  and  arrived  at  a  height 
pattern  similar  to  the  Pacific-North  American  teleconnection  pattern 
after  a  week,  with  new  centers  appearing  every  two  days  from  west-to-east 
More  work  is  planned  in  this  area,  including  the  study  of  other  tele- 
connection  patterns  and  the  inclusion  of  height  data  below  20°N. 
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Fig.  1.   0  lag  cross-correlation  maps  for  western  points, 
Sase  points  are  indicated  by  a  cross.   Contour 
interval  is  0.1. 
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Fig.    2.      Same   as   Fig.    1   for   -1   lag, 
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Fig.    3.      Same   as   Fig.    1   for  +1   lag. 
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Fig.  4.   Same  as  Fig.  1  for  eastern  points, 
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Fig.    5.      Same   as   Fig.    4    for   -1   1 


ag. 
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Fig.    6.      Same  as  Fig.    4   for  +1  lag, 
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Low  frequency  circulation  modes  as  revealed  by  eigenvector  analysis 
of  the  250-mb  and  850-mb  wind  fields 


Klaus  M.  Weickmann  and  John  E.  Kutzbach 

Center  for  Climatic  Research  and 

Department  of  Meteorology 

University  of  Wisconsin 

Madison,  Wisconsin  53706 


Large-scale  shifts  in  the  atmospheric  circulation  occur  on  inter- 
annual,  seasonal,  and  intraseasonal  time  scales.  An  important  aspect  of 
the  medium- to  long-range  forecasting  problem  is  the  documentation  and 
ultimate  understanding  of  these  large-scale,  low-frequency  fluctuations. 
Previous  studies  of  the  time  averaged  wintertime  circulation  (Blackmon 
et  al_. ,  1977;  Lau,  1978)  suggest  a  link  between  large-scale  ageostrophic 
mass  circulations,  the  seasonal  mean  jets  and  distributions  of  diabatic 
heating  and  topography.  The  possible  low -frequency  variability  of  these 
connections  and  the  implications  for  weather  patterns  have  not  been 
determined.  This  study  documents  the  spatial  and  temporal  characteristics 
of  the  wintertime  circulation  variability  through  eigenvector  (EV) 
analysis  of  the  850-and  250-mb  wind  field. 

NMC  objective  analysis  data  for  the  period  NOV-MAR  of  1974-75  through 
1979-80  forms  the  basic  data  set.  The  domain  of  analysis  covers  the 
region  30°S-85°N.  Spatial  resolution  is  5°  lat.  by  10°  long.,  while  5-day 
averages  of  twice  daily  data  comprise  the  time  resolution.  The  EV  analysis 
is  performed  on  the  250-and  850-mb  wind  field  simultaneously.  Thus,  each 
EV  represents  an  anomaly  pattern  at  250  and  850  mb,  while  the  EV  coefficients 
represent  the  time  variation  of  the  pattern.  The  eigenvectors  are  computed 
relative  to  the  time  mean  patterns  at  250  and  850  mb;  these  6-year  means 
are  shown  in  Figure  1 . 

Figure  2  displays  the  time  series  of  coefficients  for  EV's  1-3. 
The  shape  of  the  first  (top)  time  series  suggests  that  EV  1  is  related 
to  the  seasonal  cycle.  The  amplitude  of  the  seasonal  cycle  is  seen  to 
vary  interannually,  e.g.,  it  is  large  in  76-77  and  small  in  78-79.  The 
second  time  series  shows  a  flip  in  the  sign  of  the  EV  coefficient  from 
75-76  to  76-77.  This  change  coincides  with  a  major  warming  of  sea  surface 
temperatures  (SST)  in  the  equatorial  Pacific  and  a  concurrent  increase  in 
cloudiness  in  the  same  region.  Intraseasonal  fluctuations  are  also 
apparent  in  the  series,  e.g.,  the  oscillation  in  79-80  coincides  with  a 
major  index  cycle  as  reported  by  Wagner  (1980).  The  third  time  series 
shows  mainly  intraseasonal  variations  which  are  particularly  well 
defined  during  the  FGGE  year,  1978-79. 
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The  spatial  pattern  corresponding  to  EV1  is  shown  in  Figure  3. 
At  250  mb  (Fig.  3a)  the  main  features  (corresponding  to  a  positive 
coefficient)  are:  1)  intensified  westerlies  in  the  Northern  Hemisphere 
middle  latitudes,  2)  presence  of  mid-oceanic  troughs  over  the  eastern 
Pacific  and  the  Atlantic  Ocean,  3)  northward  directed  outflow  from 
tropical  land  masses,  and  4)  intensified  easterlies  (or  weakened  west- 
erlies) in  the  Southern  Hemisphere.  Related  features  are  also  evident 
at  850  mb  (Fig.  3b).  The  850-mb  westerlies  from  the  Indian  Ocean  to 
the  central  Pacific  in  the  Southern  Hemisphere  are  a  particularly  strong 
feature. 

The  second  eigenvector  at  250  mb  and  850  mb  is  shown  in  Figure  4. 
For  a  positive  coefficient  this  pattern  represents  an  expansion  and 
intensification  of  the  middle  latitude  (ML)  westerlies  over  both  oceans. 
The  subtropical  anomalies  tend  to  be  out  of  phase  with  those  in  ML. 
As  evidenced  by  comparing  the  25CMnb  and  850-mb  patterns,  the  features 
tend  to  be  equivalent  barotropic  in  middle  latitudes.  However,  in  the 
Southern  Hemisphere  tropics  around  160°W  anomalous  westerlies  at  850  mb 
become  anomalous  easterlies  at  250  mb  (with  a  positive  coefficient), 
implying  fluctuations  in  intensity  of  the  Walker  Circulation. 

An  alternate,  more  easily  interpreted  presentation  of  the  EV  analysis 
is  obtained  by  utilizing  the  mean  pattern.  Consider  the  equation 

i      *     T    +      C;      &; 

u    u     A.   °uJL 

\ 
where  J  is  the  mean  pattern  (Figure  1),  c   is  a  representative  maximum 

positive  or  negative  value  of  the  EV  coefficient  (Figure  2),  and  e.  is 
an  EV.  The  i   vector  then  represents  the  E_V  pjusthemean  (EPM)  with 
EPMx,  denoting  the  pattern  of  the  lt\\   EV  with  a  positive  coefficient, 
while  EPM*.  is  the  ith   EV  with  a  negative  coefficient.  This  form  of  pre- 
sentation is  advantageous  because  (1)  the  patterns  associated  with  + 
and  -  EV  coefficients  can  be  seen  explicitly  and  (2)  the  changes  in 
familiar  circulation  features  can  be  seen. 

Figure  5  shows  EPM2  at  250-and  850-mb  while  Figure  6  shows  EPM2" 
at  these  levels.  Large  differences  between  the  EPM's  are  evident  over 
the  tropical  central  Pacific  at  250  mb.  EPM2"  shows  well  developed  mid- 
oceanic  troughs  in  this  region  while  EPM2+  has  anticyclones  straddling 
the  Equator.  Anticyclones  over  all  three  tropical  land  masses  are  also 
shifted  northward  in  EPM2+.  The  subtropical  jet  streams  (STJ),  located 
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in  the  eastern  Pacific  and  the  Atlantic  Ocean  sector,  are  well  developed 
in  EPM2",  while  the  ML  jets  are  stronger  in  EPM2+.  Strong  equatorial 
westerlies  in  the  Pacific  go  with  weak  equatorial  westerlies  in  the 
Atlantic  in  EPM2-  and  vice-versa  in  EPM2+.  Contrasting  the  patterns  at 
850  mb  EPM2+  displays  stronger  and  expanded  oceanic  westerlies  (note 
Rex-type  blocking  patterns  over  both  oceans),  a  ridge  versus  a  trough 
on  the  west  coast  of  the  U.S.,  an  eastward  extension  of  the  monsoonal 
low  in  the  Indonesian  region  and  a  shift  southward  of  maximum  easterlies 
upwind  from  South  America. 

EV3  is  pictured  at  250  mb  and  850  mb  in  Figure  7.  In  contrast  to 
EV2,  the  ML  anomalies  of  EV3  at  250  mb  are  out  of  phase  between  the 
Pacific  and  Atlantic  Oceans.  Thus  with  a  positive  (negative)  sign  for 
the  coefficient  the  jet  over  the  Atlantic  (Pacific)  is  strong  and 
expanded,  while  the  jet  over  the  Pacific  (Atlantic)  is  shifted  north. 
The  anomalies  in  the  STJ  are  out  of  phase  with  the  ML  anomalies  over 
the  same  ocean.  Another  significant  feature  is  the  cross-equatorial 
flow  in  vicinity  of  180°W  in  the  Pacific.  The  anomalies  again  display 
an  equivalent  barotropic  structure  in  middle  latitudes  (compare  the 
850-  and  250-mb  patterns).  In  the  equatorial  western  Pacific  anomalous 
westerlies  at  850  mb  (with  a  positive  coefficient)  extend  from  New 
Guinea  to  past  the  dateline. 

A  clearer  picture  of  the  implications  of  the  EV3  anomalies  can  be 
obtained  by  considering  the  EPM's.  Figure  8  shows  EPM3+  at  250  mb  and 
850  mb,  while  Figure  9  shows  EPM3"  at  these  levels.  At  250  mb  EPM3+ 
has  a  STJ  with  roots  near  20°N,  180°W  merging  into  a  strong  E-W  ML  jet 
over  the  Atlantic,  while  EPM3"  shows  a  STJ  with  roots  near  15°N,  60°W 
merging  into  a  strong  ML  jet  east  of  Asia.  Cross-equatorial  flow  of  4  m/s  is 
present  near  170°W  in  EPM3+.  Concurrently,  the  anticyclones  in  the 
western  Pacific  and  Indonesian-New  Guinea  region  are  shifted  westward 
and  extend  to  the  Indian  Ocean.  At  850  mb  EPM3"  shows  a  strong  Aleutian 
and  Icelandic  Low  while  in  EPM3+  the  Icelandic  Low  is  shifted  southward 
and  the  Aleutian  Low  is  shifted  westward.  A  trough  dominates  the  U.S. 
west  coast  in  EPM3+  with  ridging  (blocking)  extending  from  western  Canada 
to  north  of  Alaska.  In  contrast,  a  ridge  dominates  the  U.S.  west  coast 
in  EPM3".  A  significant  shift  eastward  of  the  monsoonal  low  over 
northern  Australia  is  also  visible  in  EPM3+. 

In  summary,  this  analysis  has  documented  near  global  anomaly  patterns 
which  have  intraseasonal ,  seasonal,  and  interannual  time  scales.  Diag- 
nostic study  of  these  circulation  modes  is  planned  with  particular  emphasis 
on  the  mass  circulations  in  vicinity  of  the  three  tropical  land  masses, 
e.g.,  how  do  the  mass  circulations  fluctuate  in  intensity  and  northward 
extent?  Characterization  of  the  intraseasonal  oscillations  shown  in  the 
coefficient  time  series  will  also  be  pursued. 
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Figure  1.   The  6-year  mean  wind  field  at  250  mb  (a)  and  850  mb  (b) . 
In  this  and  all  subsequent  figures  the  arrows  are  scaled 
by  the  maximum  speed  on  the  map.   Arrows  are  also  scaled 
as  a  function  of  latitude  with  the  scaling  depicted  at  the 
lower  left.   The  scale  shows  the  arrow  length  corresponding 
to  the  maximum  speed  for  the  latitudes  0°  (lower  arrow), 
20°N,  40°N,  60°N,  and  80°N.   Note  that  the  outer  latitude 
circle  is  20°S. 
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Figure  2.   The  time  series  of  coefficients  for  eigenvectors  1,  2  and  3. 
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Figure  3.   Eigenvector  1  at  250  mb  (a)  and  850  mb  (b) . 
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Figure  4.   Eigenvector  2  at  250  mb  (a)  and  850  mb  (b) . 
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Figure  5.   Streamline  analysis  of  EPM2   (see  text)  at  250  mb  (a)  and 
850  mb  (b). 
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Figure  6.   Streamline  analysis  of  EPM2~  (see  text)  at  250  mb  (a)  and 
850  mb  (b). 
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Figure  7.     Eigenvector  3  at  250  mb   (a)   and  850  mb   (b) . 
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Figure  8.   Streamline  analysis  of  EPM3   (see  text)  at  250  mb  (a)  and 
850  mb  (b). 
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Figure  9,   Streamline  analysis  of  EPM3   (see  text)  at  250  mb  (a)  and 
850  mb  (b) , 
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OROGRAPHIC  INFLUENCE  OF  THE  ROCKY  MOUNTAINS 

ON  THE  WINTER  CIRCULATION  OVER  THE  CONTIGUOUS  UNITED  STATES 

PART  I:  LARGE-SCALE  ASPECTS 

by 

Steven  W.  Lyons  and  Takio  Murakami 

Department  of  Meteorology 
University  of  Hawaii 
Honolulu,  Hawaii  96822 

Abstract 

The  winter  mean  circulation  over  and  around  the  North  American  continent, 
including  the  Rocky  Mountains,  was  investigated  by  using  twice-daily  wind, 
temperature, and  geopotential  height  data  at  eight  standard  pressure  levels  for 
the  period  of  1  December  1978  through  28  February  1979.  Surface  pressures, 
temperatures,  and  winds  were  estimated  over  a  2.5°  latitude  by  2.5°  longitude 
resolution  smoothed  topography,  as  determined  by  Berkofsky  and  Bertoni  (1955). 

Winter  mean  surface  winds  near  45°N,  120°W  tend  to  split  into  northward 
and  southward  currents  which  flow  around  the  high  American  Rocky  Mountains 
(refer  to  Fig.  1,  bottom).  However,  a  significant  part  of  these  low-level  winds 
also  flow  over  the  highest  mountains  and  surrounding  lower  topographies. 
Boundary  layer  frictional  effects,  which  result  in  significantly  reduced  wind 
speeds,  extend  upward  through  the  700-mb  level  over  a  limited  area  of  the 
highest  American  Rockies  (Fig.  1,  top). 

At  300  mb,  a  strong  jet  stream  south  of  the  American  Rockies  at  approxi- 
mately 28°N  is  characterized  by  pronounced  eastward  acceleration,  which  is 
primarily  associated  with  winter  mean,  nongeostrophic  southerly  winds  (Fig.  2, 
top).  Conversely,  momentum  flux  convergence  due  to  transient  disturbances 
(Fig.  3,  top)  is  the  major  factor  in  maintaining  a  less  pronounced-300  mb  polar 
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jet  stream  near  50°N  and  120°W,  which  is  associated  with  northerly  winds  and 
slight  eastward  acceleration. 

A  pronounced  thermally  direct  (indirect)  vertical  circulation  occurs 
south  (north)  of  30°N  along  the  west  coast  of  the  U.S.  (Fig.  4).  Topographic 
enhancement  of  the  descending  branch  of  the  direct  Hadley  cell  is  evident  over 
the  southeastern  corner  of  the  American  Rockies  (35°N,  105°W).  Off  the  east 
coast  of  the  U.S.  at  around  60°W,  indirect  (direct)  vertical  circulations  are 
found  to  the  north  (south)  of  the  jet  stream  axis  (38°N),  but  are  only  weakly 
defined  as  compared  to  the  vigorous  overturnings  along  the  U.S.  west  coast. 

At  700  mb,  winter  mean  temperatures  are  colder  over  the  American  Rockies 
than  over  the  surrounding  areas  to  the  east  and  west  (Fig.  5,  top).  From  the 
surface  through  500  mb,  significant  northward  sensible  heat  fluxes  due  to 
transient  eddies  are  observed  over  the  following  three  regions:  (1)  from  the 
Gulf  of  Alaska  to  northern  Alaska;  (2)  from  the  warm  northeast  Pacific,  over 
the  American  Rockies,  into  the  central  northern  U.S.  and  Canada;  and  (3)  from 
the  Gulf  of  Mexico  coast  into  the  northeastern  U.S.  (refer  to  Fig.  5,  top). 
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Figure   1.     Winter  mean  wind  vectors   (arrows)   at  700  mb  (top;  20  m  s       unit) 
and  850  mb  (bottom;  10  m  s~l  unit)»      Isotachs  (solid  lines)  are  shown 
at  5  m  s-'   intervals.     Dashed  lines  are  1500  m  smoothed  topographic 
height  contours. 


107 


300 


70N 
60N 
50N 
40N 
30N 

UJ 

O20N 

3 

<C70N 

— i 

60N 
50N 
40N 
30N 


20N  k 


>   40   M/S 

4 1  f 


150N 


120W  90W 

LONGITUDE 


60N 


Figure  2.     As   in  Fig     1  ,  except  for  300  mb  (top;  40  m  s"1   unit)  and  500  nib 
(bottom;   30  m  s~'  unit). 
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Figure  3.  Winter  mean  momentum  flux  vectors  of  u'u'^and  u'v'  (arrows)  due 
to  transient  disturbances  at  300  mb  (top;  600  m  s"2  unit)  and  850  mb 
(bottom;  100  m2  s~2  unit).   Isotachs  (solid  lines)  for  winter  mean 
winds  are  drawn  at  5  m  s~l  intervals." 
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Figure  4.  Winter  mean  divergent  wind  vectors  (arrows;  1  m  s"'  unit)  and 
velocity  potential  fields  (solid  lines;  4  x  105  m2  s_1  intervals)  at 
300  tnb  (top)  and  700  mb  (bottom). 
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Figure  5.   Top:  Winter  mean  (uT  ,  v'T' )-vector  fluxes  (arrows; 
60  °C  m  s-'  unit)  due  to  transient  eddies,  and  winter  mean 
temperatures  (solid  lines;  4  °C  intervals)  at  700  mb.  Bottom: 
Heat  flux  divergence  and/or  convergence  due  to  transient  eddies 
at  700  mb.  Intervals  are  2  x  10"5  °C  s"1.  Hatching  indicates 
areas  of  flux  convergence. 
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INTERANNUAL  VARIABILITY  OF  VACILLATING  PLANETARY-SCALE  WAVES 

James  P.  McGuirk 
Meteorology  Department 

Texas  A&M  University 
College  Station,  TX  77843 


Calculations  of  the  so-called  Lorenz  energy  cycle  have  been  per- 
formed for  a  daily  basis  for  14  years  of  data  (Fall  1963  through 
Spring  1977)  using  the  NMC-gridded  height  and  temperature  fields  from 
the  surface  to  100  mb.  Fig.  1(a)  and  (b)  show  the  series  of  January 
averages  of  the  four  energy  modes.  Although  these  series  indicate  a 
substantial  interannual  variability,  they  are  not  necessarily  good 
representations  of  entire  winter  seasons.  For  example,  the  two  dots  on 
fig.  1(a)  occurred  during  intense  stratospheric  sudden  warming  periods-- 
January  15  to  February  15,  1971,  and  January  1977,  and  thus  are  more 
representative  of  those  specific  events  and  not  of  the  whole  winter 
season.  Daily  time  series  (figs.  2  and  3)  or  spectra  of  many  seasons 
of  data  (fig.  4)  indicate  a  strong,  highly  significant  (in  excess  of 
99.9%  probability  of  non-random  occurrence)  oscillation  between  the 
zonal  modes  and  the  eddy  modes. 

Table  1  summarizes  the  statistics  of  the  oscillation  for  zonal 
available  potential  energy  for  the  14  cold  seasons  (the  oscillation, 
termed  vacillation,  disappears  during  the  summer  months).  In  a  typical 
cold  season,  nine  oscillations  are  observed  with  a  mean  periodicity  of 
24  days  and  a  peak-to-peak  amplitude, varying  between  2  and  5  x  105 
J/m2.  Maximum  random  short-term  fluctuations  in  zonal  available  po- 
tential energy  seldom  exceed  10  x  105  J/m2. 

Bandpass-filtered  series  of  the  energy  modes  for  several  years 
(figs.  5  and  6)  illustrate  key  features  of  vacillation: 

1.  The  almost  uninterrupted  persistence  in  amplitude  and  period 
during  the  entire  cold  season. 

2.  The  almost  exact  out-of-phase  relationship  between  zonal 
available  potential  energy  and  the  eddy  energy  modes. 

3.  The  disappearance  of  the  oscillation  in  summer. 

4.  The  breaks  in  the  oscillation  of  zonal  kinetic  energy. 

5.  The  breaks  in  the  available  potential  energy  cycle  in  the 
anomalous  winter  1976-1977  (intermittancies  of  this  sort  are 
not  observed  in  any  of  the  other  13  years). 

Because  of  the  oscillation  between  zonal  and  eddy  modes,  the 
vacillation  has  been  equated  to  a  zonal  index  cycle.  Whereas  the 
vacillation  contributes  to  zonal  index  variations,  other  processes  do 
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also  (such  as  the  January-February  sudden  warming--fig.  2);  therefore, 
the  vacillation  is  not  synonymous  with  the  zonal  i ndex  cycle.  On  the 
other  hand,  when  differences  in  Jetstream  level  winds  are  formed  be- 
tween individual  maximum  and  minimum  periods  of  eddy  amplitude  associa- 
ted with  vacillation,  a  statistically  significant  variation  in  westerly 
geostrophic  wind  speed  is  detected  between  50  and  60°N  (fig.  7). 

The  vacillation  is  dominated  by  planetary-scale  wave  oscillations, 
primarily  zonal  wave  numbers  2  and  3.  Fig.  8  shows  a  decomposition  of 
the  total  eddy  available  potential  energy  into  zonal  wave  number  com- 
ponents one  through  four  for  the  1970-71  cold  season.  The  vacillation 
in  this  year  was  dominated  by  a  very   steady  planetary  wave  number  2 
oscillation  which  actually  exceeded  the  total  eddy  oscillation  during 
December  and  January.  During  this  season  the  wave  number  3  oscillation 
was  large  and  persistent  as  well. 

Fourier-analyzed  wave  number  2  data  for  the  500-mb  height  field 
are  presented  in  fig.  9  for  two  successive  eddy  minima  and  maxima. 
Variations  in  wave  amplitude  between  about  100  m  (at  eddy  minima)  and 
250  m  (at  eddy  maxima)  are  typical  and  result  in  a  meridional  geo- 
strophic velocity  fluctuation  of  about  10  m/sec  at  500  mb.  It  is 
observed  that  the  meridional  mode  of  the  wave  (the  number  of  positive 
and  negative  height  peaks  at  a  fixed  longitude)  is  not  constant  for 
either  eddy  maxima  or  eddy  minima.  Comparisons  of  Fourier-analyzed 
heights  at  500  mb  and  at  700  mb  at  latitude  55°N  show  that  the  planetary 
wave  number  2  at  500  mb  lags  the  same  wave  at  700  mb  by  about  7" 
of  longitude.  However,  although  the  mean  wave  is  observed  to  tilt 
westward  with  height,  the  tilt  fluctuates  periodically  with  an  ampli- 
tude of  ±6°  in  phase  with  the  vacillation  (fig.  10)  and  the  wave  is 
occasionally  observed  to  tilt  to  the  east.  When  the  wave  amplitude  is 
largest,  the  tilt  is  smallest  (most  barotropic)  and  when  the  amplitude 
is  smallest  the  wave  tilt  is  greatest  (most  baroclinic).  The  wave  tilt 
through  geostrophic  theory  can  be  interpreted  as  an  efficiency  factor 
for  the  northward  transport  of  sensible  heat. 

If  one  compares  the  observed  data  with  pre-existing  theories  of 
vacillation,  one  observes  that  Pedlosky's  weakly  nonlinear, 
baroclinically  unstable,  single-wave  model  is  the  most  consistent. 
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TABLE  1. 


AVERAGE  WINTERTIME  BEHAVIOR  OF  VACILLATION  IN  ZONAL  AVAILABLE  POTENTIAL  ENERGY 


YEAR 

NO,  OF 

START* 

END' 

» 

Mean 

STANDARD 

MEAN 

STANDARD 

PERIODS 

DATE 

DATE 

PERIOD 

(days) 

deviation 
(days) 

AMPLITUDE 
(l05J/m2) 

DEVIATION 
(I05j/u>2) 

1963-64 

7 

NOV 

19 

APR 

23 

24 

3.5 

1.8 

,7 

1964-65 

7,5 

SEPT 

26 

MAR 

14 

24 

3 

1.6 

,5 

1965-66 

6,5 

NOV 

4 

MAR 

23 

23 

1.5 

2.0 

,6 

1966-67 

8 

OCT 

25 

APR 

6 

22 

3,3 

1.7 

.7 

1967-68 

7 

DEC 

26 

JUN 

23 

27.5 

4,5 

1.8 

1.0 

1968-69 

12 

SEPT 

10 

JUN 

20 

24,5 

3 

1.9 

.8 

1969-70 

12 

AUG 

26 

MAY 

21 

23 

4 

1.0 

,4 

1970-71 

9 

AUG 

20 

MAR 

15 

24 

2 

2,5 

.7 

1971-72 

10 

OCT 

25 

MAY 

12 

21 

4,5 

1,6 

.8 

1972-73 

9,5* 

25.6 

2.5 

1.4 

1973-74 

10 

22 

4 

1,5 

1974-75 

9 

22.3 

3.1 

2,1 

1975-76 

6 

24.7 

5.1 

2,0 

1976-77 

9,5^ 

22.5 

5.7 

1,2 
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Fie.  3  Daily  zonal  and  eddy  available  potential  and  kinetic  energies  and 
ruination  of  all  four  nodes  for  1967-68  (left)  and  1968-69  (right).  Smoothe 
line  gives  binomial ly-smoothed  nine-year  average.  Both  short  term  and 
interannual  variability  are  apparent. 
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Fig.  7  Composite  profiles  (left)  of  the  mean  zonal 
geostrophic  wind  at  250  mb  for  two  years  of  days  of 
eddy  energy  minima  (solid  line)  and  eddy  energy 
maxima  (dashed  line).  The  difference  in  the  two 
profiles  appears  at  the  right.  A  t-test  shows  the 
peak  wind  difference  to  be  non-random  with  a  confi- 
dence exceeding  99%. 
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Fig.  8.  Bandpass-filtered  potential  energy  associated  with  zonal  wave  numbers 
one  through  four  for  the  1970-71  cold  season  (solid  lines).  Dashed  lines  show 
the  filtered  eddy  available  potential  energy  due  to  all  waves  for  reference. 
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Fig.  9    500  mb  height  fields,  Fourier-analyzed  around  latitude  circles  for 
wave  number  two.  Two  successive  periods  of  maximum  (right)  and  minimum  Oeft) 
eddy  amplitude  are  shown.  (Contour  interval  =  40m.) 
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Fig.  10  Bandpass-filtered  phase  difference,  in  degrees  longitude,  between  the  500  mb  and  700  mb 
zonal  wave  number  two  height  fields  at  55°N.  The  heavy  straight  line  gives  the  wintertime  average 
phase  lag  of  -6.9°  of  longitude. 
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INTERANNUAL  CLIMATIC  ANOMALIES:   DO  THEY  PROPAGATE? 

W.  H.  Quinn,  S.  K.  Esbensen  and  D.  B.  Enfield 
Oregon  State  University 

In  earlier  work  (presented  at  the  Third  Annual  Climate  Diagnostics 
Workshop,  1978)  Dr.  Kirby  Hanson  applied  a  low-pass  filter  to  Northern 
Hemisphere  monthly  zonal  averages  of  700»mb  height  departures  from  normal 
(DN's)  for  the  period  1965-70  and  noted  an  apparent  continuous  phase 
propagation  of  positive  and  negative  height  anomalies  from  the  subtropi- 
cal to  polar  latitudes  (Fig.  1).   His  analysis  of  regional  distributions 
of  700-mb  height  DN's  over  this  period  indicated  that  three  regions 
were  contributing  to  the  zonally  averaged  anomalies  --  the  Eastern  Paci- 
fic, the  Atlantic,  and  central  Asia.   Our  interest  has  been  to  extend 
this  study  over  a  33-year  record  of  700-mb  data  obtained  from  the  NOAA/ 
NWS  Climate  Analysis  Center  to  determine  whether  or  not  similar  anomaly 
patterns  recur,  and  the  cause  for  their  development.   Also,  since  the 
DN's  appeared  to  originate  in  lower  latitudes,  there  was  an  interest 
in  determining  whether  or  not  they  were  related  to  the  interannual 
changes  found  in  the  Equatorial  Pacific.   (The  Northern  Hemisphere  700- 
mb  data  does  not  extend  south  of  15 °N  latitude.) 

The  low-pass  filtered  DN  time  series  for  the  extended  period  from 
January  1947  to  January  1980  are  shown  in  Fig.  2.   Although  a  qualita- 
tive inspection  reveals  some  tendency  for  poleward  propagation  in  middle 
and  high  latitudes,  the  systematic  propagation  of  the  anomalies  from 
tropical  to  subpolar  latitudes  which  Hanson  noted  from  1965-70  is  not 
a  ubiquitous  feature  of  the  longer  period.   For  example,  during  the 
period  1971-78  a  standing  oscillation  appears  to  be  a  more  appro- 
priate interpretation,  with  the  mid-latitudes  (35-55°N)  fluctuating 
out  of  phase  with  the  subtropical  (15-30°N)  and  high  latitudes 
(60-70°N).  • 

Fig.  3  compares  the  response  of  the  13-month  running-mean  filter 
used  by  Hanson  with  the  four-pole  tangent -But terworth  filter  used  to 
smooth  the  extended  series.   The  tangent-Butterworth  filter  has  a 
half-power  point  of  0.4  cycles  per  year  (cpy)  and  effectively  elimi- 
nates variability  at  frequencies  of  1  cpy  or  more. 

To  quantitatively  summarize  the  features  of  the  DN  time  series 
in  Fig.  2  we  have  analyzed  the  coherence  and  phase  structure  between 
the  low-pass  filtered  DN's  at  the  various  latitudes.   The  spectral 
analyses  were  performed  using  the  fast  fourier  transform  method  for 
the  time  period  January  1951  -  January  1980,  on  all  series  pairs  from 
15°N-80°N.   The  349  monthly  values  in  each  series  were  interpolated 
to  512  (=  29 )  points  and  linearly  detrended.   The  spectral  estimates 
were  band  averaged  to  yield  a  bandwidth  of  0.21  cpy  and  12  degrees  of 
freedom.   The  coherence -squared  (henceforth  y2 )  estimates  in  the  0.09- 
0.30  cpy  (3.4-11.6  years)  band  were  arranged  in  a  matrix  format  and 
contoured  to  show  the  coherence  pattern  (Fig.  4. a).   The  diagonal  line 
corresponds  to  y2=1.0  and  zero  separation  (i.e.,  each  zonal  band  with 
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itself).   The  line  of  points  parallel  and  adjacent  to  the  diagonal  is 
for  station  pairs  separated  by  5°  of  latitude,  and  so  forth  to  the  maxi- 
mum separation  of  65°  at  the  lower  left  corner  of  the  matrix.   The 
shading  indicates  y2*0.4,  which  is  significant  between  the  90%  and  95% 
confidence  level.   It  is  clear  that  coherence  is  high  (y   >0.6)  at  sepa- 
rations of  5°-15°.   Then  there  is  a  trough  of  mostly  insignificant  co- 
herence corresponding  to  separations  of  10°-20°.   A  secondary  maximum 
occurs  for  separations  of  15°-45°.   The  coherence  again  becomes  insigni- 
ficant at  larger  separations  until  a  third  maximum  of  marginal  signifi- 
cance is  reached  at  the  largest  separations  (60° -65°) .   This  complex 
coherence  structure  runs  contrary  to  what  one  would  expect  of  a  system 
dominated  by  simple,  linear  propagation. 

The  corresponding  matrix  of  phase  estimates  (degrees)  is  shown  in 
Fig.  4.b  (estimates  for  which  y2<0.3  are  not  given).   Positive  values 
indicate  propagation  in  a  poleward  sense,  and  the  corresponding  phases 
in  months  can  be  approximated  by  assuming  a  nominal  periodicity  at  mid- 
band  of  about  64  months  (e.g.,  +30  degrees  implies  a  poleward  lag  of 
about  5  months) .   The  shaded  areas  indicate  four  groupings  for  which 
coherence  is  high  and  phase  is  relatively  uniform: 

Group  1  consists  of  latitude  pairs  close  to  the  diagonal  having  high 
coherence  (y2>0.6).   The  phases  indicate  poleward  propagation  with  lags 
of  1-8  months  for  separations  of  5°-15°  of  latitude. 

Group  2  consists  of  tropical  latitudes  (20°-25°)  lagging  the  opposite 
phase  in  temperate  latitudes  (45° -55°)  by  2-5  months  for  separations 
of  20°-35°  of  latitude. 

Group  3  consists  of  temperate  latitudes  (40°-55°)  which  predominantly 
lead  the  opposite  phase  in  polar-subpolar  latitudes  (>65°)  by  4-6 
months  for  separations  of  15°-40°. 

Group  4  consists  of  tropical  (15°-20°)  and  polar  (75°-80°)  latitudes 
fluctuating  approximately  in  phase  for  separations  of  55°-65°. 

Other  phases  between  the  "significant  groups"  are  intermediate  in 
value,  spatially  non-uniform  and/or  correspond  to  marginal  values 
Of  y2. 

Except  for  group  1  (small  separations)  there  is  not  so  much  a 
suggestion  of  propagation  as  of  zonal  bands  that  tend  to  fluctuate  in 
phase  or  in  opposite  phase  with  other  bands,  the  phases  being  rela- 
tively separation  independent  within  each  group.   This,  combined  with 
the  non-monotonic  decrease  of  coherence  with  increasing  separation, 
leads  us  to  disfavor  a  propagation  hypothesis.   It  is  interesting  to 
note  that  the  first  mode  of  an  empirical  orthogonal  function  (EOF) 
analysis  of  the  filtered  data  explains  75%  of  the  total  variance  in 
the  non-normalized  time  series,  and  puts  tropical  and  polar  latitudes 
in  phase  with  each  other  and  in  opposite  phase  to  temperate  latitudes, 
in  agreement  with  the  cross  spectral  analysis  and  with  the  results  of 
Van  Loon  (1980:  in  this  volume).   Note,  however,  that  groups  2  and  3 
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involve  phase  shifts  to  either  side  of  a  perfect  opposite-phase  rela- 
tionship, indicating  that  care  must  be  taken  in  future  analyses  of 
the  data. 

Hanson's  regional  analysis  of  low-pass  filtered  gridpoint  data  in- 
dicated that  the  apparent  poleward  movement  of  the  anomalies  in  the  zon- 
ally  averaged  fields  results  from  the  poleward  movement  of  three  separate 
anomaly  centers  --  one  in  the  Eastern  Pacific,  one  in  the  Atlantic  and 
one  over  Asia  --  each  having  somewhat  similar  poleward  movements  over  a 
three  and  a  half  year  period.   Our  analysis  generally  supports  Hanson's 
analysis  as  far  as  which  regions  have  the  most  intense  anomaly  activity. 
However,  our  preliminary  analysis  suggests  that  the  apparent  propagation 
is  a  result  of  the  intensification  of  regional  anomalies  which  are  part 
of  large-amplitude  standing  oscillations  (or  teleconnections) .   One  of 
these  teleconnection  patterns  is  related  to  the  Southern  Oscillation  and 
has  a  large  center  of  action  over  the  Northeast  Pacific.   As  seen  in  Figs. 
5. a  and  5.b,  when  heights  are  abnormally  high  over  the  middle-latitude 
northeastern  Pacific,  the  heights  have  a  tendency  to  be  high  over  middle- 
latitude  zones  in  the  eastern  United  States,  the  Atlantic,  Europe,  and 
western  Asia.   At  the  same  time,  the  heights  at  high  latitudes  and  low 
latitudes  tend  to  be  abnormally  low.   The  patterns  in  Figs.  5. a  and  5.b 
are  reversed  when  the  middle-latitude  eastern  Pacific  heights  are  ab- 
normally low.   It  is  our  interpretation  that  the  variability  in  the 
position,  timing,  and  strength  of  the  anomalies  contributing  to  these 
regional  correlation  patterns,  sometimes  gives  the  appearance  of  propa- 
gation from  one  center  of  action  to  another  as  the  phase  of  these  stand- 
ing oscillations  reverses. 

In  Fig.  2  from  1965  on  (when  the  lower  latitude  data,  15°-30°N,  were 
more  reliable)  a  close  correspondence  is  noted  between  the  tropical  and 
subtropical  zonal  700-mb  height  DN  peaks  and  troughs  and  the  El  Nino  and 
anti-El  Nino  type  troughs  and  peaks  respectively  in  the  Southern  Oscilla- 
tion index  anomalies.   Although  periodicities  between  comparable  features 
are  the  same,  there  usually  appears  to  be  a  substantial  lead  on  the  part 
of  the  index  changes.   However,  sea  surface  temperature  and  rainfall 
anomaly  peaks  and  troughs  for  central  and  western  equatorial  Pacific  sites, 
which  have  also  been  noted  to  lag  several  months  behind  associated  index 
features,  seem  to  occur  nearer  the  time  of  the  zonal  700~mb  height  DN 
peaks  and  troughs  in  the  15°-30°N  latitude  band.   This  indication,  that 
these  700-mb  height  DN's  are  associated  with  changes  occurring  in  the 
equatorial  Pacific,  caused  us  to  look  in  detail  at  equatorial  and  near- 
equatorial  upper  air  data  over  the  central  and  western  Pacific  where  the 
anomalous  changes  are  very  large. 

The  only  equatorial  Pacific  data  record  suitable  for  studying 
changes  in  the  overlying  troposphere  in  relation  to  sea  surface  tem- 
perature (SST)  was  that  for  Canton  Island  (2°  46'S,  171°  43'W).   Canton 
had  an  18-year  record  for  SST,  surface  weather  observations  and  upper 
air  data  (1950-1967) .   Since  there  appeared  to  be  inconsistencies  be- 
tween computations  of  1000-mb  heights  for  earlier  years  (1949-57)  as 
compared  to  later  years  (1958-67),  and  also  since  heights  of  higher 
pressure  levels  are  obtained  by  adding  successive  increments  from  below, 
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it  appeared  best  to  use  thicknesses  between  pressure  levels  rather  than 
heights  of  the  pressure  surfaces  to  represent  atmospheric  changes.  Data 
taken  at  03Z  and  00Z  showed  consistently  greater  thicknesses  between 
levels  than  data  taken  at  15Z  and  12Z  (Table  1).   The  average  overall 
diurnal  variation  in  this  case  is  31.8  m.   One  can  be  misled  when  using 
upper  air  data  from  "Monthly  Climatic  Data  for  the  World,"  if  the  diurnal 
shift  isn't  taken  into  account,  for  periods  when  published  data  times 
were  shifted  from  00Z  (or  03Z)  to  12Z  (or  15Z) . 

Fig.  6  shows  separate  plots  of  850-1000  mb  thickness  data  for  the 
two  time  periods  in  relation  to  SST  data  for  Canton.  Using  the  average 
monthly  values,  no  lag  is  noted  between  SST  changes  and  the  low  level 
thickness  changes;  and,  for  both  cases  correlation  coefficients  ex- 
ceeded 0.8.   Fig.  7  shows  plots  of  the  low-pass  filtered  Rapa-Darwin 
sea  level  pressure  index  anomalies,  Canton  I.  SST  anomalies,  Canton 
I.  850-1000  mb  thickness  anomalies,  and  Canton  I.  200-500  mb  thickness 
anomalies.   The  index  changes  show  in  general  a  lead  of  several  months 
over  all  other  variables.   Table  2  shows  the  lead/lag  relationships 
between  variables  and  indicates  that  the  thermal  changes  are  initiated 
at  the  surface  and  penetrate  upward  with  time.   Similar  tropospheric 
changes  were  noted  in  the  upper  level  data  for  other  low  latitude  sites. 
Fig.  8  shows  plots  of  the  low-pass  filtered  Majuro  Island  (07°  05 'N, 
171°  23 'E)  200-850  mb  thickness  anomalies  and  the  Easter-Darwin  sea 
level  pressure  index  anomalies.   Although  there  is  only  a  short  period 
of  overlap  between  Canton  I.  and  Majuro  I.  data,  conformance  in  thick- 
ness fluctuations  was  noted;  and,  by  reference  to  the  Southern  Oscilla- 
tion indices  this  conformance  record  can  be  extended  over  a  30-year 
period.   In  each  case  the  index  changes  precede  the  thickness  changes 
by  several  months  (Tables  2  and  3) . 

In  the  Southern  Hemisphere  we  have  been  concerned  with  the  El  Nino/ 
anti-El  Nino  type  climatic  changes  taking  place  along  the  west  coast  of 
South  America.   Fig.  9  and  Table  4  show  the  time  relation  between  SST 
changes  at  the  central  equatorial  Pacific  locations  (Canton  I.,  Christmas 
I.)   and  sites  along  the  coast  of  Peru  (Talara,  Puerto  Chicama>and  Don 
Martin  I. /La  Punta) .   This  three  to  five  month  lag  of  equatorial  Pacific 
changes  behind  the  coastal  Peruvian  changes  is  similar  to  the  lag  of 
the  Darwin  component  changes  behind  those  of  the  subtropical  high  com- 
ponents of  the  Southern  Oscillation  indices.   In  other  words,  what  hap-" 
pens  in  the  eastern  South  Pacific  ties  in  closely  with  the  changes  oc- 
curing  in  the  South  Pacific  subtropical  high;  whereas,  what  happens  in 
the  central  and  western  equatorial  Pacific  ties  in  closely  with  changes 
in  location  and  intensity  of  the  Indonesian  equatorial  low. 

Our  report  at  the  1979  Climate  Diagnostics  Workshop  indicates  a 
close  relation  between  El  Niho/anti-El  Nino  type  situations  and  the 
coastal  sea  and  weather  conditions  of  tropical  and  subtropical  Chile. 
Table  5  indicates  that  Chilean  rainfall  categories  and  rainfall  amounts 
at  Santiago  and  Valparaiso  also  relate  reasonably  well  to  these  El  Nino/ 
anti-El  Nino  type  conditions.  All  13  of  the  wet  (P)  and  very  wet  (TP) 
years  between  1875  and  1930  coincided  with  years  when  significant  El 
Nino  events  were  setting  in  or  occurring.   Although  there  were  four 
cases  where  El  Nino  occurred  without  an  accompanying  classification  of 
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wet  (P)  or  very  wet  (TP)  conditions,  in  two  of  these  cases  (1884  and 
1930)  there  were  relatively  large  rainfall  amounts  at  Santiago  and/or 
Valparaiso.   Fig.  10  shows  a  plot  of  the  low-pass  filtered  200-850  mb 
thickness  anomalies  for  a  recent  record  of  Antofagasta  data.   Here 
again  we  note  the  El  Nifto/anti-El  Niflo  type  changes  in  thickness  and 
a  lag  behind  the  Easter-Darwin  index  anomalies  similar  to  what  we  found 
at  Majuro. 

Based  on  our  investigation  up  to  this  point,  it  appears  that  the 
features  in  the  zonally  averaged  700-mb  height  DN's  are  due  primarily 
to  standing  oscillations  in  geographical  regions  which  are  limited  in 
longitude  as  well  as  latitude.   We  have  found  that  the  700-mb  zonal 
height  DN's  from  15°N  to  30°N  are  clearly  related  to  the  El  Nino/anti- 
El  Nino  type  fluctuations  noted  in  the  Southern  Oscillation  indices  and 
to  other  atmospheric  variables  throughout  the  tropical  and  subtropical 
troposphere  of  the  Pacific  region.   We  conclude  that  understanding  of 
the  low-level  zonally  averaged  features  on  interannual  time  scales  will 
most  likely  be  obtained  from  a  detailed  examination  of  the  structure 
and  evolution  of  regional  features  and  teleconnections. 
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Year 

Fig.  1.   Time  variation  of  low-pass  filtered,  zonally  averaged 

700  mb  geopotential  height  anomalies  (from  Hanson,  1978) 
The  filter  used  is  a  13-month  running  mean  (see  Fig.  3). 
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ONE-POINT     CORRELATION    MATRIX   (I65°W,  45°N) 
LOW-PASS    DATA    FOR     WINTER     1949-1977 
(0.4  cpy  cutoff ) 


H 1 1 H- 
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Fig.  Sa.   Time-correlations  of  low-pass  filtered  700  mb  geopotenti.il  heights  with  the  filtered 
heights  in  the  eastern  North  Pacific  Ocean  (165°W,  45°N)  for  winters  from  1949-50 

to  1 '176-77. 

ONE-POINT     CORRELATION    MATRIX    (I65°W,   45°N) 

LOW-PASS     DATA    FOR     WINTER     1949-1977 

(  0.4  cpy   cutoff  ) 
1 1 1  ' 1  i 1 1 1 1 1 1 1 \ 1 1 1 


80°N 


-180 


Fig.    5b.      Time-correlations   of   low-pass   filtered   700  mb  geopotentinl   heights  with  the   filtered 
heights   in   the  eastern   North   Pacific  Ocean    (165°W,    45°N)   for  winters   from   1949-50 
to   1376-77. 
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Fig.  6.  Plot  of  anomalies  of  monthly  sea  surface  temperature  in  relation  to  anomalies  of  monthly 
850-1000  mb  thickness  in  geopotential  meters  for  0000Z  and  1200Z  at  Canton  I.  (2°  46'S, 
171°  43'W)  for  1949-67. 
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Fig.  7.   Triple  6-month  running  mean  plot  of  anomalies  of  the  difference  in  sea  level  pressure 
(mb)  between  Rapa  I.  (27°  37'S,  144°  20'W)  and  Darwin  (12°  26'S,  130°  52'E),  anomalies 
of  sea  surface  temperature  (°C)  for  Canton  I.  (2°  46'S,  171°  43'W),  anomalies  of  850- 
1000  mb  thickness  in  geopotential  meters  (GPM)  for  Canton  0000Z  data,  and  anomalies  of 
200-500  mb  thickness  in  GPM  for  Canton  0000Z  data  for  1951-66. 
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Fig.  8.  Triple  6-month  running  mean  plot  of  anomalies  of  200-850  mb  thickness  in  geopotential 

meters  for  Majuro  I.  (7°  05' N,  171°  23 'E),  and  anomalies  of  the  difference  in  sea  level 
pressure  (mb)  between  Easter  I.  (.27°  10'S,  109°  26'W)  and  Darwin  (12°  26'S,  130u  52'E) 
for  1962-79. 


Fig.  9.   Plot  of  anomalies  of  monthly  sea  surface  temperatures  (°C)  for  Canton  I.  (2°  46'S, 
171°  43'W),  Christmas  I.  (1°  59'N,  157°  28'W),  Talara  (4°  30'S,  81°  17'W),  Puerto 
Chicama  (7°  42'S,  79°  27'W),  Don  Martin  I.  (11°  02'S,  77°  41'W)  for  1950-67. 
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Fig.    10.     Triple  6-month  running  mean  plots  of  anomalies  of  200-850  mb  thickness   in  geopoten- 
tial  meters  for  Antofagasta   (23°  28'S,    70°  26'W),   and  anomalies  of  the  difference  in 
sea  level  pressure    (mb)   between  Easter  I.   (27°  10'S,    109°  26'W)   and  Darwin   (12°  26'S, 
130°  52'E)    for   1962-79. 
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Table  1.   Monthly  differences  in  thickness  obtained  by  subtracting  the  200-850  mb  thickness  values  for  1200/1500Z 
from  the  200-850  mb  thickness  values  for  0000/0300Z. 


J 

F 

M 

A 

M 

J 

J 

A 

S 

0 

N 

D 

1950 

26 

25 

39 

30 

1951 

13 

28 

33 

30 

33 

36 

20 

26 

31 

36 

44 

33 

1952 

30 

33 

28 

29 

25 

25 

25 

32 

24 

34 

29 

35 

1953 

35 

30 

29 

23 

18 

27 

25 

30 

39 

47 

55 

48 

1954 

42 

40 

59 

44 

33 

28 

27 

22 

27 

21 

53 

40 

1955 

26 

34 

33 

43 

25 

20 

28 

27 

31 

31 

34 

77 

1956 

39 

»  39 

57 

47 

27 

42 

41 

32 

36 

45 

41 

34 

1957 

44 

33 

36 

39 

41 

34 

37 

30 

34 

32 

45 

17 

1958 

37 

29 

41 

30 

36 

44 

22 

31 

38 

35 

38 

38 

1959 

32 

42 

33 

25 

39 

40 

33 

36 

32 

31 

41 
33 

42 

1960 

41 

32 

27 

31 

35 

25 

44 

39 

32 

36 

33 

1961 

27 

39 

57 

24 

21 

24 

22 

22 

24 

18 

31 

23 

1962 

25 

26 

21 

16 

28 

21 

26 

34 

29 

21 

21 

26 

1963 

16 

20 

22 

20 

19 

16 

21 

29 

21 

29 

35 

30 

1964 

26 

29 

35 

29 

27 

40 

50 

41 

35 

30 

The  avi 

rage  thicl 

cness  diffi 

'rence  bet' 

reen  the  ti 

m   time  pe 

riods  is  a 

i 
bout  32  GP^». 

Table  2.  Lag/lead  correlation  coefficients  between  the  Rapa-Darwin  index  and  the  following: 
Canton  sea  surface  temperature  (SST),  Canton  850-lOOOmb  thickness,  Canton  200-500mb 
thickness . 


Lag/lead 

R-D  vs.  SST 

in  months 

Correl.  Coeffs 

-1 

-.496 

0 

-.559 

1 

-.609 

2 

-.640  Index 

3 

-.649  leads 

4 

-.644 

5 

-.623 

6 

-.583 

7 

-.527 

8 

-.461 

9 

-.394 

10 

-.328 

Period  of 

1951-1967 

record 

R-D  vs.  850-lOOOTh. 
Correl.  Coeffs. 

-.503 
-.557 
-.609 

-.649  Index 
-.677  leads 


-.673 
-.648 
-.597 
-.536 
-.461 
-.396 
-.334 

1951-1967 


R-D  vs.  200-500Th. 
Correl.  Coeffs. 

-.444 

-.493 

-.525 

-.573 

-.606 

-.629  Index 

-.636  leads 


-.629 
-.623 
-.590 
-.547 
-.481 

1951-1967 
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Table  3.   Lag/lead  correlation  coefficients  between  the  Rapa-Darwin  and  Easter- 
Darwin  indices  and  the  200-850  mb  thickness  for  Majuro. 


Lag/lead 

R-D  vs.  200-850Th 

in  months 

Correl. 

Coeffs. 

0 

-.334 

1 

-.369 

2 

-.404 

3 

-.436 

4 

-.467 

Index 

5 

-.488 

leads 

6 

-.487 

7 

-.457 

8 

-.395 

9 

-.322 

10 

-.250 

Period  of 

1960-1979 

record 

E-D  vs.  200-850Th 

Correl. 

Coeffs. 

-.262 

-.307 

-.346 

-.380 

-.397 

Index 

-.401 

leads 

-.397 

-.386 

-.357 

-.290 

-.206 

1960-1979 

Table  4.   Lag/lead  correlation  coefficients  between  Canton  Island  sea  surface 
temperature  (SST)  and  the  following:   Talara  SST,  Puerto  Chicama  SST  and  La 
Punta  SST. 


Lag/lead 

Canton  vs.  Tal< 

in  months 

SST 

Correl.  Co< 

-9 

.499 

-8 

.549 

-7 

.588 

-6 

-5 

.623  leads 

-4 

.610 

-3 

.577 

-2' 

.530 

-1 

.477 

0 

.416 

1 

.34  2 

2 

.249 

Period  of 

1950-1967 

record 

Canton  vs.  Puerto  Chicama 
SST  Correl.  Coeffs. 


Canton  vs.  La  Punto 
SST  Correl.  Coeffs . 


.489 

.524 

.560 

.606 

.623 

.678 

.673 

.734 

.702 

.774 

.715  Puerto  Chicama 

.715  leads 

.703 

.792 

.793  ^  *!Unta 

.778  leads 

.677 

.747 

.634 

.690 

.568 

.616 

.478 

.526 

1950-1967 

1956-1967 
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Table  5.   Precipitation  classification  by  year  for  Chile  with  the  addition  of  precipitation  in  mm  for  Santiago 
(33°16'S,  70°50'W)  and  Valparaiso  (33°01'S,  71°39'W)  (from  Taulls,  1934.   Classification  categories  are  very  dry 
(TS),  dry  (S),  normal  (N) ,  wet  (P)  and  very  wet(TP).   Strong  (S)  and  moderate  (M)  El  Nino  (EN)  occurrences 
(from  Quinn  et  al.,  1978)  are  included. 


Class.    Santiago   Valparaiso 


1875 

N 

76 

S 

77 

TP 

78 

N 

79 

S 

80 

TP 

81 

N 

82 

N 

83 

N 

84 

N 

85 

N 

86 

TS 

87 

P 

88 

TP 

89 

N 

90 

N 

91 

TP 

92 

S 

93 

N 

94 

N 

95 

N 

96 

N 

97 

N 

98 

N 

99 

TP 

1900 

TP 

01 

N 

02 

P 

238.7 
126.7 
650.4 
401.4 
165.5 
652.7 
441.0 
303.5 
365.0 
387.1 
397.5 
109.7 
563.6 
693.3 
229.6 


222 
614 
123 
238 


242.0 
293.3 
263.1 
355.3 
498.4 
773.2 
819.5 
384.3 
505.8 


301.0 
329.0 
847.0 
510.0 
322.0 
915.0 
398.0 
436.0 
581.0 
664.0 
415.0 
222.0 
695.0 
967.0 
306.0 
362.0 
822.0 
120.0 
412.0 
312.0 
350.0 
463.0 
523.0 
848.0 
1,196.0 
1,345.0 
530.0 
724.0 


El  Nifco 
Occurrences 


EN(S)    77-78 


EN(M)    80 


EN(S)    84-85 


EN(M)    87-88 


EN(S)    91 


EN(M)    96 


EN(S)    99-00 


EN(M)    02 


Class. 

Santiago 

Valparaiso 

El  Nifto 
Occurrences 

03 

S 

194.7 

389.0 

04 

TP 

686.2 

1,087.0 

05 

TP 

615.7 

1,077.0 

EN(M)  05 

06 

N 

293.3 

414.0 

07 

N 

269.0 

663.0 

08 

N 

202.3 

274.0 

09 

S 

183.9 

326.4 

10 

N 

271.2 

492.4 

11 
12 

S 

N 

169.9 
291.1 

249.9 
500.1 

EN(S)  11-12 

13 

N 

268.0 

324.6 

14 

TP 

700.5 

1,173.2 

EN(M)  14 

15 

N 

'236.8 

407.4 

16 

N 

225.3 

246.0 

17 

N 

203.8 

359.7 

18 
19 

N 
TP 

376.8 
649.5 

491.8 
943.2 

EN(S)  18-19 

1920 

N 

290.2 

291.2 

21 

N 

435.3 

707.6 

22 

N 

447.7 

700.5 

23 

N 

366.6 

505.9 

24 

TS 

66.3 

61.8 

25 
26 

N 
TP 

259.0 
760.8 

397.4 
879.0 

EN(S)  25-26 

27 

N 

405.7 

547.0 

28 

N 

341.0 

481.0 

29 
30 

N 
N 

354.0 
500.0 

423.0 
639.0 

EN(M)  29-30 
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Digitization  of  the  NOAA/NESS  Continental  Snow  Cover  Data  Base 

by 

Michael  Mat son  and  Mary 1 in  S.  Varnadore 
NOAA/National  Earth  Satellite  Service 
Washington,  D.C.   20233 


The  NOAA/NESS  Northern  Hemisphere  continental  snow  cover  data  base  is 
approaching  its  15th  data  year  and,  although  not  a  climatology  by  strict 
definition,  is  being  incorporated  more  frequently  into  climate  modelling  and 
diagnostic  studies.   In  an  effort  to  facilitate  this  integration,  NESS,  in 
conjunction  with  the  University  of  Nebraska-Lincoln,  has  undertaken  the  digiti- 
zation of  the  continental  snow  cover  data  base  from  1966-1980.   The  Northern 
Hemisphere  Weekly  Snow  and  Ice  Cover  Chart  (see  figure  1)  is  being  digitized 
using  a  NMC  I,  J  box  grid  overlaid  on  a  polar  stereographic  map.  The  grid  selec- 
ted is  the  same  as  that  used  for  the  satellite-based  earth  radiation  budget  atlas 
of  Winston  et  al .  (1979).   After  establishing  the  appropriate  geography  into 
the  data  base  (see  figure  2),  each  grid  box  is  designated  snow-covered  (non- 
snow-covered)  if  the  grid  box  has  50  percent  or  more  snow  cover  (50  percent 
or  less  snow  cover).   The  reflectivity  classes  are  not  digitized.   An  example 
of  the  computer  printout  display  of  a  Northern  Hemisphere  snow  cover  map  is 
shown  in  figure  3.   Since  latitude- longitude  information  is  also  provided  for 
each  grid  box,  it  is  possible  to  determine  the  true  Earth  surface  area  of  each 
box  and  in  turn  the  snow-covered  area  of  each  continent  (Table  1)  or  a  region 
of  the  continent.   To  enhance  the  display  of  snow  cover  on  the  computer  print- 
out a  microfilm  product  has  been  developed  which  allows  the  snow-covered  areas 
to  be  displayed  on  an  appropriate  background  geography  (see  figure  4) .   Although 
not  shown  here,  a  color  microfilm  map  has  also  been  developed  with  water  as 
blue,  land  as  green,  and  snow  as  gold.   Archival  of  the  digitized  continental 
snow  cover  data  will  not  only  be  on  microfilm,  but  will  include  punch  cards 
and  computer-compatible  tape.   Complete  documentation  will  be  provided  for  all 
archived  products  and  repositories  of  the  archives  will  be  the  Environmental 
Data  and  Information  Service  (EDIS)  of  NOAA  and  World  Data  Center-A.   Archival 
should  be  completed  by  Spring  1981. 

Operational  digitization  of  the  Northern  Hemisphere  Weekly  Snow  and  Ice 
Cover  Chart  is  now  being  performed  by  the  Synoptic  Analysis  Branch  of  NESS 
using  the  same  grid  and  procedure  as  that  used  for  the  historical  data.   There- 
fore the  archival  of  digital  continental  snow  cover  will  continue  in  the 
future,  providing  climate  researchers  with  a  format  for  analyzing  snow  cover  compat- 
ible with  other  climate  data  bases. 

Reference 

Winston,  J.S.,  A.  Gruber,  T.I.  Gray,  M.S.  Varnadore,  C.L.  Earnest,  and 

L.P.  Mannello,  1979:   Earth-Atmosphere  Radiation  Budget  Analyses  Derived 
from  NOAA  Satellite  Data  June  1974-February  1978  ,  Vols.  1  and  2,  U.S. 
Dept.  of  Commerce,  NOAA. 
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TABLE  1 
NORTH  AMERICA  SNOW  COVER  AREA 


Year 

Week 

Area  (x  107  km2) 

1967 

1 

1.677 

1967 

14 

1.338 

1967 

36 

0.347 

1971 

10 

1.635 

of  continent  covered 
79.2% 
63.2% 
16.4% 
77.2% 
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1.— Lowest   Reflectivity 
2.— Moderate  Reflectivity 
3.— Highest  Reflectivity 

Snow       oooolce 
Based   on   NOAA   -4 
Satellite  Analysis 


Fig.    1.  Snow  and  ice  chart  of  the  Northern  Hemisphere  for  the  7-day  period 

29  December  1974  through  4  January   1975  prepared  by  NOAA/NESS. 
Note  the  several   classes  of  reflectivity  and  the  areas  of  scattered 
mountain  snow.      Also  note  the  "dark"  area  where  visible  data  cannot 
be  collected  during  the  polar  night. 
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NORTHERN    HEMISPHER 
GEOGRAPHY    ONLY 
D=LANO 


Fig.    2.  The  digitized  Northern  Hemisphere  geography. 
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NORTHERN    HEMISPHERE 

SNOWCOVER 

Q=BARE    GROUND,    X=SNOW 


YEAR    =    1967 


fctEK    NO.    =      1:       JAN.    2-8 


Fig.    3. 


A  digitized  Northern  Hemisphere  snow  cover  chart   for  the  period 
2-8  January   1967. 
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NOAA/NESS  DECEMBER  1979  MONTHLY  MEAN  SNOW  COVER 

Fig.  4.    A  microfilm  product  displaying  Northern  Hemisphere  snow  cover  for 
December  1979.  The  snow  cover  shading  can  also  be  displayed  as 
various  gray  tones  rather  than  black. 
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Normals  of  Monthly  Surface  Northern  Hemisphere  Albedo* 

William  L.  Donn 

Lamont-Doherty  Geological  Observatory  of  Columbia  University 

Palisades,  N.  Y.  10964 

and 

Julian  Ad em 

Centro  de  Ciencias  de  la  Atmosfera  y  Facultad  de  Ciencias, 
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The  results  described  here  were  developed  for  application  in  the 
thermodynamic  model  of  Adem,  (e.g.  1979).   The  model  generated  forecasts 
of  monthly  anomalies  of  temperature  and  precipitation  and  uses  anomalies 
of  surface  snow  and  ice  as  one  of  the  three  input  variables.   Current  NOAA- 
NESS  charts  of  weekly  snow  and  ice  cover  provide  the  data  for  this  purpose. 
However,  these  charts  give  reflectivity  according  to  these  scale  values: 
1,  2j  and  3.   According  to  G.  Kukla  who  has  studied  these  maps  as  well  as 
actual  satellite  photographs  for  many  years,  the  indexes  1,  2^ and  3  can 
be  treated  as  average  reflectivity  centered  on  albedo  values  30,  45^ and 
65, respectively. 

As  the  normal  values  available  heretofore  in  regions  of  snow  and  ice 
are  based  on  different  scaling  as  well  as  on  leaner  observations,  we  could 
not  derive  valid  albedo  anomalies  for  application  in  the  model.   Consequent- 
ly the  laborious  task  of  generating  new  normals  was  undertaken.   According 
to  Kukla  (personal  communication)  scaling  interpretations  in  snow-ice 
charts  prior  to  1974  were  not  reliable  enough  for  our  purpose.   The  normals 
for  snow  and  ice  presented  here  are  thus  based  on  observations  from  January 
1974  through  June  1980.   We  will  try  to  update  these  results  each  year. 

Values  of  surface  albedo  were  determined  from  each  chart  for  the  grid 
points  used  in  the  model.   To  do  this,  a  transparent  overlay  was  matched 
to  each  snow-ice  chart  after  correcting  for  size  scale  differences.   Because 
the  model  uses  a  coarse  mesh  grid^we  averaged  the  albedo  in  a  standard  box 
centered  on  each  grid  point.   Beyond  the  region  of  snow  and  ice  we  used  the 
values  of  Posey  and  Clapp  (1964)  whose  values  appear  intermediate  between 
those  of  Hummel  and  Reck  (1979)  and  Preuss  and  Geleyn  (1980) . 

Resulting  means  are  available  in  polar  projections  for  the  Northern 
Hemisphere  with  values  given  at  each  of  the  512  grid  points.   Because  we  use 
the  albedo  of  the  last  week  in  the  month  to  generate  a  forecast  for  the 
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following  month,  the  values  (and  maps)  refer  to  the  mean  of  the  last  week 
of  each  month  rather  than  a  true  mean  of  the  entire  month.   By  simple 
graphical  interpolation  one  can  obtain  the  actual  mean  for  each  point, 
assuming  a  significant  difference  exists.   Data  can  also  be  provided  by 
latitude  and  longitude  as  well  as  for  grid  points. 

The  contoured  mean  maps  from  January  to  July,  plus  the  annual  average 
map,  present  the  results  in  a  more  visual  form, although  they  may  suffer 
in  some  details  from  normal  contour  smoothing  and  interpretation.   Contours 
are  drawn  at  intervals  of  10  percent  from  65  to  15  percent  and  then  at 
smaller  intervals  where  geographic  change  is  small «, 
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The  Air  Force  operational  global  snow-ice  data  set  as  a  possible 
source  for  studies  of  short-term  climate  fluctuations 
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The  U.  S.  Air  Force  Global  Weather  Central  at  Offutt  Air  Force  Base,  Omaha, 
Nebraska,  prepares  an  automated,  operational  data  set  for  snow  and  ice  over  both 
hemispheres  (Luces,  et  al. ,  1975),  available  at  the  National  Climatic  Center, 
Asheville,  N.  C. ,  in  a  5-year  archive,  1976  to  date.   Snow  is  updated  at  00  GMT 
each  day  and  ice  for  each  week.   This  high  resolution  in  time  is  matched  by  an 
equally  fine  resolution  in  space,   the  grid  spacing  being  1/8  of  the  standard 
NMC  200  nm  grid. 

Snow  (at  land  gridpoints  only)is  given  in  6  depth  categories,  from  less 
than  2  inches  to  10  inches  or  more.   Ice  (at  water  gridpoints  only)  is  indicated 
as  present  if  a  point  falls  within  the  ice  boundary,  the  coordinates  of  which 
are  sent  to  Offutt  each  week  from  the  Navy-NOAA  Joint  Ice  Center  at  Suitland,  Md. 
No  depth  or  ice  concentration  (fraction  of  ice-covered  water  at  the  gridpoint) 
are  given.   The  snow  depths  are  based  on  surface-synoptic  observations  aided  by 
an  elaborate  snow-depth  climatology.   Data  from  the  military  satellites  are  used 
only  to  eliminate  snow  from  those  sub-satellite  gridpoints  where  the  surface 
brightness  is  less  than  a  prescribed  snow  threshold. 

Approximately  2  years  of  these  data  were  acquired  from  NCC  by  the  Meteoro- 
logical Satellite  Laboratory  of  NESS,  and  were  made  available  to  the  authors  to 
evaluate  their  usefulness  in  monitoring  short-term  climate  fluctuations.   To 
date,  the  total  areas  of  snow  and  ice  were  separately  computed  for  each  10-degree 
longitude  sector  in  the  Northern  Hemisphere,  from  November  1978  to  January  1980. 
The  total  areas  of  snow  covering  Eurasia  and  North  America  were  also  determined 
for  the  same  period.   In  the  following  examples  only  monthly-mean  values  will  be 
discussed. 

Fig.  1  shows  the  snow  areas  (above)  and  ice  areas  (below)  for  each  10-degree 
sector  plotted  as  a  function  of  longitude  for  December  1978  (solid  lines  with 
dots)  and,  where  significantly  different,  for  December  1979  (dashed,  crosses). 
Snow  areas  in  1979  were  considerably  smaller  than  those  in  1978  in  Europe,  western 
Asia,  and  central  and  western  North  America;   and  higher  than  1978  in  central 
Asia.   This  finding  is  in  agreement  with  other  studies  (e.g.  NOAA-NESS  snow 
charts;   Matson,  et  al. ,  1979).   Ice  areas  as  a  function  of  longitude  show  peaks 
in  the  regions  of  Baffin  Bay  -  Hudson  Straight,  Greenland  Sea,  and  Okhotsk  - 
Bering  Seas,  where  the  ice  is  not  restricted  by  continents  to  the  south. 
Corresponding  areas  for  December  1979  also  changed  from  December  1978  but  the 
differences  were  too  small  to  be  shown  at  the  scale  of  the  figure. 
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Fig.  2  shows  the  total  area  of  snow  over  Eurasia  (above)  and  North  America 
(below)  for  each  month  from  November  1978  to  January  1980.   The  Air  Force  data 
(AFGWC,  solid  line  with  dots)  may  be  compared  to  the  NOAA-NESS  data  (dashed, 
crosses)  for  the  same  months.   (Continental  areas  are  defined  in  the  same  way.) 
It  is  to  be  expected  that  the  Air  Force  data  will  show  larger  areas,  since  they 
include  snow  depths  less  than  2  inches.   This  is  true  for  Asia,  but  not  for 
North  America.   In  particular,  the  2-month  difference  in  the  location  of  the 
minima  has  not  been  explained. 

Fig.  3  shows  a  similar  plot  of  ice  areas,   for  all  Arctic  seas  (above),  the 
Okhotsk  -  Bering  Seas  (middle)  and  the  North  Atlantic  region  (below).   The  ice 
areas  in  all  Arctic  seas  are  compared  with  25-year  monthly  averages  (1953  to 
1977)  computed  by  Walsh  and  Johnson  (1979).   The  latter  are  expected  to  be  smaller, 
because  Walsh  and  Johnson  accounted  for  the  ice  concentration  at  each  gridpoint. 

The  annual  changes  in  ice  and  snow  cover  from  1978-79  to  1979-80  for  the 
months  November,  December,  and  January  are  shown  in  Table  1.   The  signs  of  the 
snow-cover  changes  computed  from  the  Air  Force  data  agree  with  those  of  NOAA-NESS 
(with  the  glaring  exception  of  November)  but  are  much  smaller.   The  changes  in 
both  snow  and  ice  cover  for  the  entire  Northern  Hemisphere  are  negative,  except 
for  snow  in  November.   The  700-mb  height  anomalies  (Fig.  4)  reveal  changes  from 
December  1978  to  December  1979,  which  are  consistent  with  the  decrease  in  snow 
cover,  but  it  is  more  difficult  to  explain  the  decrease  in  Arctic  ice  cover. 
Perhaps  the  anomalous  cyclonic  circulation  in  the  North  Atlantic  caused  ice  to 
be  advected  out  of  Davis  Strait  and  to  be  driven  and  packed  into  a  smaller  area 
in  the  north  Greenland  Sea. 

The  next  steps  should  include  examination  of  the  entire  5-year  record  of  the 
Air  Force  snow-ice  data  for  both  hemispheres;  with  special  emphasis  on  possible 
trends  and  on  comparison  with  other  sources.   Then  further  study  should  be  made 
of  the  relationship  between  snow  and  ice  cover  and  weather  for  selected  regions 
with  and  without  lag. 
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Table  1:   Annual  change  in  snow  and  ice  cover  for  the  months  November, 
December,  and  January  1978-79  to  1979-80. 


SNOW  COVER  CHANGE  (106KM2) 


NOVEMBER 

DECEMBER 

JANUARY 

AFGWC 

NESS 

AFGWC  NESS 

AFGWC 

NESS 

EURASIA 
NORTH  AMERICA 

+3.3 
-0.4 

-2.6 
-2.7 

-0.9 
i  _1*5 

-6.3 
-3.1 

-0.1 
-1.6 

-4.1 
-1.3 

NORTHERN  HEMISPHERE 

+2.9 

-5.3 

J  -2.4 

-9.4 

-1.7 

[3.4 

ICE  COVER  CHANGE  (106KM2) 


AFGWC  DATA 

NOVEMBER 

DECEMBER 

JANUARY 

BERING  SEAS 
NORTH  ATLANTIC 

0 
-0.5 

+0.2 
-0.5 

+0.3 
-0.6 

ALL  ARCTIC  SEAS 

-0.5 

-0.3 

-0.5 
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Fig.  3         ICE  COVER  IN  ARCTIC  SEAS 
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Application  of  Near  Real-Time  Water  Budgets 
in  Monitoring  Climate-Related  Events 

P.Y.T.  Louie  and  W.I.  Pugsley 
Canadian  Climate  Centre 
Atmospheric  Environment  Service 
Downsview,  Ontario 


Introduction 

It  is  possible  to  infer  from  the  basic  synoptic  observations  over 
a  region,  answers  to  such  questions  as:  Where  is  there  a  drought 
situation?   Where  is  the  soil  already  saturated?  Where  is  there  a 
flooding  potential?   However,  by  integrating  the  basic  observed  synoptic 
fields  using  a  water  budget  concept,  answers  to  such  questions  are  more 
apparent  and  they  can  be  provided  in  greater  detail.   The  purpose  of 
this  paper  is  to  describe  a  framework  in  which  near  real-time  water 
budgets  are  computed  on  a  national  scale  in  Canada  using  minimum  synoptic 
data  as  input.   Application  of  the  resulting  water  budget  products  to 
identify  and  monitor  significant  climate-related  events  is  discussed. 

The  Water  Budget  Model 

The  term  water  budget  can  have  many  meanings  depending  on  the  scale 
in  which  it  is  being  considered.   In  this  application,  the  term  water 
budget  will  be  defined  as  the  short  term  accounting  of  the  moisture 
conditions  at  a  given  location.   Methods  for  computing  water  budgets 
at  a  location  were  advanced  in  the  1940' s  by  the  works  of 
C.W.  Thornthwaite  in  the  U.S.,  H.L.  Penman  in  England  and  M.I.  Budyko 
in  the  U.S.S.R.   There  have  since  been  numerous  modifications  to  these 
three  basic  methods. 

The  choice  of  a  water  budget  model  for  a  particular  application  is 
determined  in  part  by  the  input  data  available.   Although  synoptic  net- 
work stations  now  observe  a  wide  range  of  variables  suitable  as  input 
for  water  budgets,  models  requiring  minimum  input  data  are  the  most 
practical  for  operational  purposes.   A  simple  model  requiring  minimum 
input  data  will  maximize  the  number  of  stations  for  which  water  budgets 
can  be  computed.   Furthermore,  the  problems  with  estimating  values  for 
missing  data,  which  are  unavoidable  when  working  with  real-time  data, 
are  also  minimized. 

The  water  budget  model  chosen  for  this  application  is  the  climatic 
water  balance  technique  developed  by  Thornthwaite  and  Mather  in  1955. 
This  model  is  well  known  and  widely  used;  thus  its  applications  and 
limitations  are  well  documented.   Its  input  requirements  are  modest 
requiring  only  screen  temperatures,  precipitation,  latitude,  and  an 
estimate  of  the  soil  water  holding  capacity.   These  variables  are  readily 
available.   Soil  moisture  water  holding  capacities  for  the  synoptic 
station  locations  were  estimated  based  on  soil  texture  classification 
by  Agriculture  Canada.   Water  holding  capacities  ranged  from  100  mm 
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for  sandy  loam  to  280  mm  for  heavy  clays.  Because  snow  is  an  important 
variable  in  the  Canadian  climate,  a  simple  snow  budget  routine  was  added 
to  the  original  Thorthwaite  and  Mather  model.   This  routine  accumulates 
and  melts  snow  depending  on  the  daily  screen  temperature  and  provides  a 
better  accounting  of  the  snow  pack  than  the  original  model.   A 
simplified  flow  chart  of  the  model  depicting  its  major  components  is 
given  in  figure  1 . 

Operational  Procedure 

A  simplified  flow  chart  of  the  data  inputs  and  the  computer 
routines  used  in  the  processing  of  the  water  budgets  is  shown  in  figure 
2.   At  the  present  time,  225  Canadian  synoptic  stations  are  being 
processed.   There  are  plans  to  include  in  the  near  future,  approximately 
100  northern  U.S.  synoptic  stations  to  provide  continuity  across  the 
international  border.   The  time-step  for  these  water  budget  computations 
is  one  day.   This  was  chosen  primarily  to  satisfy  the  requirement  for 
the  snowmelt  computations.   Present  applications  of  the  water  budget 
products  do  not  require  such  frequent  time  steps  and  in  fact,  it  is  un- 
likely that  the  simple  water  budget  model  used  can  provide  this  temporal 
resolution.   Processing  is  therefore  simplified  by  storing  the  daily  in- 
put data  in  a  eight  day  file  and  processing  the  water  budgets  every 
seven  days.   Only  the  seven  day  averages  and  accumulations  of  the  water 
budget  components  are  then  analyzed.   The  computing  time  for  all  the 
processing  shown  in  figure  2  is  relatively  small  and  should  present  no 
problems  for  any  large  main  frame  computer.   The  weekly  output  products 
include  maps  of  selected  fields,  tabulations  and  a  station  file  contain- 
ing the  current  and  the  previous  four  weeks'  water  budget  components  for 
all  stations.   The  latter  is  useful  not  only  for  providing  the  week  to 
week  changes  (i.e.  trends)  in  the  water  budget  components,  but  it  also 
provides  the  initial  values  for  the  next  week's  budget  computations. 
Another  important  feature  to  note  is  the  use  of  a  normal  weekly  water 
budget  component  file  of  all  the  stations.   This  file  was  generated  by 
applying  the  water  budget  model  on  the  daily  climatic  normal  temperature 
and  precipitation  data  at  each  station.   The  weekly  deviation  from 
normal  values  can  then  be  easily  calculated  for  each  water  budget  com- 
ponent at  each  station. 

Application  of  Products 

Table  1  lists  the  twelve  water  budget  components  tabulated  weekly 
for  each  synoptic  station.   Selected  components,  their  week  to  week 
change  and  their  deviation  from  normal  are  mapped  and  their  spatial 
patterns  analyzed.   Two  components  which  have  been  found  particularly 
useful  for  identifying  and  monitoring  significant  climate-related  events 
are  the  snow  storage  and  the  soil  moisture  estimates. 

The  snow  storage  term  computed  at  the  end  of  each  period  represents 
an  estimate  of  the  snow  water  equivalent  in  the  snow  pack  at  a  location. 
By  mapping  this  term  as  shown  in  figure  3,  an  estimate  of  the  spatial 
distribution  of  the  water  storage  in  the  snow  pack  is  obtained  on  a 
large  spatial  scale.   Such  maps  should  be  an  improvement  over  the  mapping 
of  snow  depth  values  since  the  snow  storage  term  is  computed  from  actual 
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gauge  snow  water  equivalent  measurements.   On  the  other  hand,  because 
of  the  large  spatial  scale,  these  snow  water  equivalent  estimates  are 
not  meant  to  compete  or  be  comparable  with  the  finer  resolution  snow 
survey  measurements  made  for  specific  water  basins.   Mapping  the  week 
to  week  change  of  the  snow  storage  term  have  also  been  found  to  be  very- 
informative.   Figure  4  shows  a  map  of  the  14  day  change  in  the  snow 
storage  from  April  17  to  30,  1979.   Three  centers  indicating  snow  pack 
depletion  in  excess  of  100  mm  can  be  easily  identified.   These  centers 
coincided  well  with  the  widespread  flooding  experienced  during  that 
period  in  the  Peace  River,  the  Red  River  Valley,  the  Sturgeon  River,  the 
Ottawa  River  and  the  Saint  John  River.   It  is  suggested  that  by  monitor- 
ing the  week  to  week  change  in  the  snow  storage  term,  it  is  possible  to 
identify  potential  flood  regions  and  assess  their  severity. 

The  soil  moisture  term,  because  it  simultaneously  accounts  for  the 
precipitation  and  antecedent  moisture  availability  and  the  evaporative 
demand  of  the  atmosphere,  has  been  found  to  be  a  useful  indicator  of 
drought  and  forest  fires.   Figure  5  is  a  map  of  the  estimated  soil 
moisture  deviation  from  normal  for  May  26,  1980.   The  30  per  cent  below 
normal  isoline  delineates  well  the  areas  in  Saskatchewan,  Manitoba  and 
Northern  Ontario  experiencing  drought  conditions  at  that  time.   Figures 
6  to  9  are  maps  of  soil  moisture  estimates  in  per  cent  of  the  soil 
water  holding  capacity  for  the  last  weeks  of  May  to  August  respectively. 
On  each  of  these  maps  are  also  located  the  forest  fire  starts  within 
each  of  those  months.   It  can  be  seen  that  with  a  few  exceptions,  most 
of  the  forest  fire  starts  for  each  month  are  located  within  areas  with 
soil  moisture  estimates  of  less  than  40  per  cent  of  the  soil  water 
holding  capacity. 

Discussion 

The  application  of  a  simple  water  budget  model  on  basic  synoptic 
data  in  effect  increases  the  useful  information  from  the  basic  input 
fields.   However,  the  limitations  of  the  model  and  the  approximations 
involved  in  extending  the  point  estimates  from  the  model  to  the  large 
spatial  scale  being  considered  should  be  stressed.   It  is  not  expected 
that  the  absolute  values  of  the  derived  component  fields  are  accurate. 
These  component  estimates  should  therefore  be  used  only  as  indices  and 
the  emphasis  is  on  the  deviation  of  these  components  from  their  normal 
values  and  their  week  to  week  trends.   The  applications  given  in  the 
previous  section  illustrates  the  use  of  the  deviation  from  normal  and 
weekly  trend  fields  in  identifying  and  monitoring  significant  climate- 
related  events. 

Reference 

Thornthwaite,  C.W.  and  Mather,  J.R.  (1955):  The  Water  Balance.   Publi- 
cation in  Climatology,  Vol.  8,  No.  1.   Drexel  Institute  of  Tech- 
nology, Centerton 
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DATA  aOW  FOR  NEAR  REAL-TIME  WATER  BUDGETS 
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ACCUMULATED  SNOW  WATER  EQUIVALENT  ESTIMATES  (mm) 
FOR  THE  PERIOD  ENDING  30  APRIL  1979 
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14-DAY  CHANGE  IN  SNOW  WATER  EQUIVALENT  ESTIMATES    (mm) 
ROM    17  APRIL  1979  TO  30  APRIL  1979 
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Table  1 

Tabulated  Water 

Budget  Components  For  7-Day  Periods 

1. 

TEMPERATURE 

-  mean  daily  temperature  for  period  (  C) 

2. 

RAIN 

-  total  rainfall  for  the  period  (mm) 

3. 

SNOW 

-  total  snowfall  water  equivalent  for  the 
period  (mm) 

i. 

PRECIPITATION 

-  total  rainfall  plus  snowfall  water 
equivalent  for  the  period  (ram) 

5. 

ACCUMULATED 
PRECIPITATION 

-  total  accumulated  precipitation  at  the  end 
of  the  period  from  the  beginning  of  the 
water  year  (Oct.  1) 

6. 

SNOW  STORAGE 

-  accumulated  water  equivalent  of  snow  pack 
at  the  end  of  the  period  (mm) 

7. 

SNOW  MELT 

-  total  snow  melt  for  the  period  (mm) 

8. 

POTENTIAL 
EVAPOTRANSPIRATION 

-  total  potential  evapotranspiration  for 
the  period  (mm) 

9. 

ACTUAL 
EVAPOTRANSPIRATION 

-  total  actual  evapotranspiration  for  the 
period  (mm) 

10. 

SOIL  MOISTURE 

-  soil  moisture  storage  at  the  end  of  the 
period  (mm) 

11. 

DEFICIT 

—  total  water  deficit  for  the  period  (mm) 

12. 

SURPLUS 

-  total  water  surplus  for  the  period  (mm) 

SOIL  MOISTURE   ESTIMATES  DEVIATION  FROM  NORMAL    IN  PERCENT 
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SOIL  MOISTURE  ESTIMATES  IN  PERCENT  OF  WATER  HOLDING  CAPACITY 


A-  FOREST  FIRE  LOCATIONS 
SOIL  MOISTURE  ESTIMATES  IN  PERCENT  OF  WATER  HOLDING  CAPACITY 
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SOIL  MOISTURE  ESTIMATES  IN  PERCENT  OF  WATER  HOLDING  CAPACITY 


A-  FOREST  FIRE  LOCATIONS 
SOIL  MOISTURE  ESTIMATES  IN  PERCENT  OF  WATER  HOLDING  CAPACITY 
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Modeling  Mean  Annual  Stratospheric  Aerosol  Loading 
in  the  Northern  Hemisphere  due  to  Large  Volcanic  Activity 

Brian  M.  Goodman 

Center  for  Climatic  Research 

Institute  for  Environmental  Studies 

University  of  Wisconsin 

Madison,  Wisconsin  53706 


The  goal  of  this  study  is  to  estimate  the  average  annual  contri- 
bution by  "large"  volcanic  eruptions  to  the  stratospheric  aerosol  load 
(SAL)  over  the  Northern  Hemisphere  middle  latitudes  between  1883  to 
1976.  A  "large"  volcanic  eruption  is  defined  as  one  which  directly 
injects  material  into  the  stratosphere.  The  degree  of  influcence  an 
individual  eruption  has  on  the  SAL  depends  upon  its  location,  time 
of  year,  and  magnitude,  which  determine  the  amount,  vertical  distri- 
bution, and  atmospheric  transport  of  the  injected  material  (Figure  1). 

A  normalized  synthetic  mean  annual  SAL  time  series  is  constructed 
from  the  Hirschboeck  volcano  chronology  by  applying  a  simple  time 
profile  for  the  fraction  of  material  (sulfur  and  ash)  which  remains 
suspended  after  an  eruption  to  each  date  of  eruption  and  integrating 
over  the  appropriate  calendrical  years.  The  Hirschboeck  chronology 
lists  the  location  and  date  of  an  eruption,  and  also  a  crude  measure 
of  its  magnitude.  Unfortunately,  only  her  type  2  classification 
satisfies  the  criteria  defined  for  a  "large"  eruption,  such  that  in 
the  model  all  "large"  eruptions  are  assumed  to  be  equal. 

Neglecting  transport  processes,  a  simple  time  profile  for  the 
fraction  of  sulfur  in  the  form  of  a  75%  aequeous  solution  of  H2SO4  is 
a  function  of  the  in  situ  gas-to-particle  production  rate  and  the 
gravitational  fallout  rate  (Figure  2).  For  conditions  prevailing 
in  the  lower  stratosphere  a  conversion  time  constant  of  =115  days 
is  used.  From  the  literature  a  concensus  height  for  the  level  of 
maximum  H2SO4  concentration  is  taken  to  be  18  km  for  a  "large" 
eruption,  which  corresponds  to  a  mean  residence  time  of  =400  days. 
Similarily,  the  fraction  of  ash  particles  which  remain  suspended  is 
only  a  function  of  the  gravitional  fallout  rate  (Figure  3).  Again 
from  the  literature  a  consensus  height  for  the  level  of  maximum  ash 
concentration  (r  <.  1  ym)  is  taken  to  be  14  km,  which  corresponds  to 
a  mean  residence  time  of  =90  days.  The  H2SO4  and  ash  time  profiles 
are  combined  (Figure  4)  with  a  2:1  weighting,  respectively,  and  are 
normalized  such  that  the  total  amount  of  material  injected  is  set 
equal  to  one. 
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The  normalized  synthetic  time  series  is  separated  into  three 
latitude  bands  (50N  <  Subpolar,  50N  <  Middle  Latitude  <  20  N,  and  20N  < 
Equatorial  <   10S,  Figures  5-7)  and  a  multiple  regression  is  performed  " 
against  a  time  series  of  the  mean  annual  aerosol  optical  depth 
composited  from  several  middle  latitude  observations.  The  three 
latitude  bands  correspond  to  the  three  main  circulation  zones  and 
also  coinci dentally  to  the  three  main  belts  of  volcanic  activity, 
such  that  the  multiple  regression  coefficients  will  implicitly 
include  any  systematic  differences  between  the  average  annual  optical 
depth  contributed  by  "large"  eruptions  in  these  three  latitude  bands 
due  to  differences  in  the  atmospheric  transports  or  in  the  eruptions 
themselves. 

Over  the  entire  period  1883  to  1976,  the  multiple  regression 
coefficients  (Figure  8)  show  that  the  subpolar  eruptions  contribute 
approximately  twice  as  much  to  the  mean  annual  middle  latitude  SAL, 
as  a  middle  latitude  or  equatorial  eruption,  which  is  approximately 
the  same  amount  as  is  always  present  in  the  background-constant. 
Note  that  on  an  annual  time  scale  the  contribution  by  an  equatorial 
eruption  would  be  divided  half  and  half  between  the  two  hemispheres, 
such  that  the  initial  output  of  an  equatorial  eruption  is  probably 
equal  to  that  of  a  subpolar  eruption,  and  both  contribute  more  than 
a  middle  latitude  eruption.  This  result  is  in  agreement  with  the 
observation  that  the  largest  eruption  during  the  last  few  centuries 
have  occurred  at  either  subpolar  or  equatorial  latitudes. 

The  mean  annual  SAL  contributed  by  each  latitude  band  according 
to  the  model  is  shown  in  Figure  9.  Note  that  the  total  contribution 
to  the  SAL  depends  not  only  on  the  size  of  the  eruption,  but  also 
upon  the  number  of  eruptions.  The  combined  contribution  by  all  the 
latitude  bands  according  to  the  model  is  compared  to  the  observed 
composite  time  series  in  Figure  10.  Although  the  model  statistically 
explains  about  77%  of  the  observed  variance  at  the  99%  significance 
level,  there  are  some  time  periods  where  the  agreement  is  not  yery 
good. 

In  the  early  part  of  the  period,  some  of  the  discrepancies  may 
be  due  to  the  poor  quality  of  the  data.  But  it  also  seems  that  the 
assumption  that  all  "large"  eruptions  are  equal  is  not  valid,  and 
that  these  differences  need  to  be  taken  into  account  in  more  realistic 
time  profiles.  Also  weaker  eruptions  may  be  contributing  significant 
amounts  of  gaseous  material  to  the  stratosphere  and  their  variations 
need  to  be  considered.  Towards  both  these  ends  work  is  currently 
in  progress  to  improve  both  the  aerosol  optical  depth  data  base  as 
well  as  the  volcano  chronology  data  base.  Improvements  are  also 
being  made  in  the  time  profiles  to  include  seasonal  variations  in  the 
residence  times  and  variations  in  the  initial  eruption  cloud  heights 
and  water  vapor  content. 
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Figure  Captions 

Figure  1.  Factors  influencing  the  development  of  a  volcanic  aerosol  veil. 

Figure  2.  Normalized  fraction  of  total  suspended  H2S0ii   aerosol.  The 

small  dashed  line  is  the  gas-to-particle  production,  the  large 
dashed  line  is  the  gravitational  fallout,  and  the  solid  line 
is  the  convolution  of  the  two. 

Figure  3.  Normalized  fraction  of  total  suspended  ash  particles. 

Figure  4.  Fraction  of  total  suspended  ash  and  H2SO4  aerosol.  The  small 
dashed  line  is  the  ^SOi*  time  profile,  the  large  dashed  line 
is  the  ash  time  profile,  and  the  solid  line  is  the  normalized 
2:1  weighting  combination  of  ^SO^iash. 

Figure  5.  H2SO4  and  ash  aerosol  loading  by  "large"  subpolar  eruptions. 

Figure  6.  Same  for  "large"  middle  latitude  eruptions. 

Figure  7.  Same  for  "large"  equatorial  eruptions. 

Figure  8.  Multiple  regression  coefficients. 

Figure  9.  Volcanic  contribution  to  aerosol  optical  depth  by  the  three 
latitude  bands.  The  lower  clear  area  is  the  equatorial  band 
eruptions,  the  solid  area  is  the  middle  latitude  band  eruptions, 
and  the  upper  clear  area  is  the  subpolar  band  eruptions. 

Figure  10.  The  regression  model  for  aerosol  optical  depth  compared  to 
the  observations.  The  dashed  line  is  the  regression  model 
results  and  the  solid  line  is  the  observed  values. 
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FACTORS  INFLUENCING  THE  DEVELOPMENT 
OF  A  VOLCANIC  AEROSOL  VEIL 

A.  VOLCANIC  AEROSOL  INJECTION 

1.  ASH 

2.  GAS-TO-PARTICLE  CONVERSION 

A.  SULFATES 

B.  CHLORIDES 

B.  VOLCANIC  AEROSOL  HEMISPHERIC  DISTRIBUTION 
1.   HORIZONTAL  TRANSPORT 

A.  MEAN  FLOW 

B.  EDDY  DIFFUSIVITY 

C.  VOLCANIC  AEROSOL  OUTFLOW 

1.  GRAVITATIONAL  FALLOUT 

2.  CROSS-EQUATORIAL  FLOW 

3.  VERTICAL  TRANSPORT 

A.  HADLEY  CELL  CIRCULATION 

B.  JET  CORE  ACTIVITY 

C.  CHANGES  IN  TROPOPAUSE  HEIGHT 

D.  EXTRA-TROPICAL  CYCLONES 


FIGURE  1 
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MULTIPLE  REGRESSION  COEFFICIENTS 

THE  MULTIPLE  REGRESSION  COEFFICIENTS  REPRESENT  THE  AVERAGE 
ANNUAL  CONTRIBUTION  BY  A  SINGLE  ERUPTION  TO  THE  MEAN  ANNUAL 
AEROSOL  OPTICAL  DEPTH. 

MODEL  I  -  REGRESSION  OVER  THE  ENTIPvE  PERIOD  1883-1976 

SUBPOLAR  0.030  ±0.004 

MIDDLE  LATITUDE   0.014  ±0.004 

EQUATORIAL        0.016  ±0.003 

CONSTANT  0.031  ±0.002 

R  =  +0.876 

V. 

o 

R  -  0.767  (significant  at  the  0.0010  level) 
SE  =  ±0.016 


FIGURE  8 
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The  Southern  Oscillation  and  Global  Anomalies 
in  December,  January,  February 

Harry  van  Loon 
National  Center  for  Atmospheric  Research 
Boulder,  Colorado  8030  7 


We  defined  the  northern  winters  between  1899/1900  and  1977/78  when 
the  Southern  Oscillation  (SO)  reached  extremes.   These  extremes  we  called 
HIGH/DRY  and  LOW/WET  (H/D,  L/W)  according  to  the  level  of  pressure  in  the 
tropical  South  Pacific  Ocean  and  amount  of  rainfall  in  the  equatorial 
Pacific.   We  averaged  the  sea  level  pressure  on  the  Northern  Hemisphere 
at  grid  points  in  the  H/D  and  the  L/W  winters  and  subtracted  the  average 
of  H/D  from  that  of  L/W.   The  residual  is  shown  in  Fig.  1  where  the  sign 
then  is  in  the  sense  of  the  anomalies  in  L/W  winters.   Noteworthy  are  the 
west-east  change  of  sign  in  the  Pacific  Ocean  and  the  south-north  change 
in  the  Atlantic  Ocean,  and  the  tendency  for  the  Aleutian  and  Icelandic 
lows  to  be  out-bf-phase  in  position  or  intensity,  or  both. 

We  performed  the  same  operation  with  the  much  lower  number  of  years 
analyzed  on  the  Southern  Hemisphere.   The  map  of  the  differences  between 
L/W  and  H/D,  Fig.  2,  shows  not  only  the  well— known  tendency  for  opposite 
pressure  anomalies  at  lower  latitudes  in  the  area  around  Australia  and 
in  the  South  Pacific  Ocean,  but  also  a  tendency  for  higher  pressure  in 
the  South  Pacific  low  and  lower  pressure  in  the  westerly  belt  of  the 
Indian  and  Atlantic  Oceans  during  L/W  than  H/D  years. 

During  the  period  when  pressure-heights  and  temperatures  at  grid  points 
are  available  at  700  mb  on  the  Northern  Hemisphere  there  were  9  L/W  and 
8  H/D  winters.   Figure  3  shows  the  difference,  L/W  minus  H/D,  in  various 
quantities  at  this  pressure  level.   The  top  curve  demonstrates  that  the 
poleward  flux  of  sensible  heat  in  the  quasi-stationary  eddies  was  stronger 
at  its  peak  in  middle  latitudes  in  the  L/W  winters.   Consequently,  the 
heat  divergence  south  of  50°N  was  stronger  in  L/W  years,  the  temperature 
(second  curve)  was  lower  over  the  region  where  the  divergence  was  stronger, 
and  the  south-north  contrast  of  temperature  was  larger  south  of  50°N  and 
smaller  north  of  50°N  in  the  L/W  than  in  the  H/D  winters.   The  700-mb 
height  contrasts  followed  a  similar  pattern,  as  evidenced  by  the  height 
differences  in  the  third  curve;  and  the  zonal  geostrophic  wind,  fourth 
curve,  was  thus  stronger  in  L/W  years  south  of  45°N  and  weaker  north  of 
45°N  than  in  H/D  years.   The  flux  of  sensible  heat  in  the  transient  eddies 
tended  to  be  stronger  in  L/W  than  in  H/D  winters  south  of  45°-50°N  where 
the  latitudinal  temperature  contrasts  were  larger  and  the  cyclonic  shear 
more  intense,  and  weaker  north  of  50°N. 

The  last  illustration,  Fig.  4,  indicates  that  the  stronger  zonal  wind 
in  the  subtropics  and  weaker  wind  at  higher  latitudes  in  December-January- 
February  during  L/W  than  during  H/D,  are  found  in  both  hemispheres  (4  L/W 
and  3  H/D  at  500  rab  were  used  on  the  Southern  Hemisphere;  and  9  L/W,  8  H/D 
on  the  Northern  Hemisphere).   This  points  to  a  change  in  the  meridional 
cells  from  one  extreme  of  the  SO  to  the  other. 
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NCAR  CHART  3  (3-67) 
NORTHERN  HEMISPHERE 
POLAR  PROJECTION :  ISV/oiA 
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Fluctuations  In  Mid  and  Upper  Troposphere  Flow 
Associated  with  the  Southern  Oscillation 

P. A.  Arkin,  W.Y.  Chen  and  E.M.  Rasmusson 
Climate  Analysis  Center 

NMC/NWS/NOAA 
Washington,  D.  C.   20233 


1.   Introduction 


Variations  in  the  700~mb  and  200-mb  circulation  associated  with  the  Southern 
Oscillation  (SO)  are  documented  using  Empirical  Orthogonal  Functions  (EOF's), 
lagged  cross-correlation^  and  composite  analysis. 

The  analyses  are  derived  from  operational  grid-point  data.   700— mb  data 
consist  of  departures  from  long  term  monthly  mean  height  values  for  the  period 
1951-79  for  the  area  north  of  20°N.    The  200-mb  data  consist  of  departures  of 
wind  component  values  (U,  V)  from  mean  monthly  values  for  the  period  1968-79 
extracted  from  the  NMC  operational  tropical  analysis  which  spans  the  latitude 
band  48.6°N-48.6°S.   A  subarea  of  this  grid,  extending  from  48.6°N-37.2°S  and 
from  110°E  through  180°  to  150°W  was  used  in  the  data  analysis  in  order  to  exclude 
areas  of  questionable  data  quality. 

The  SO  was  defined  by  Southern  Oscillation  Index  (SOI),  consisting  of  the 
difference  in  normalized  mean  monthly  surface  pressure  anomalies  (unsmoothed) 
at  Tahiti  and  Darwin. 

2.   200-mb  analyses 

The  first  EOF  (EOF  1  )  of  the  zonal  wind  component,  derived  from  data  for 
all  months,  is  shown  in  Fig.  1.  The  most  prominent  feature  of  this  EOF,  which 
explains  16  percent  of  the  total  nonseasonal  variance,  is  the  three  elongated 
areas  of  maximum  variability  centered  over  the  Pacific.  Note  that  variations 
near  the  Equator  are  out  of  phase  with  those  in  the  northern  and  southern 
subtropics,  a  feature  of  the  circulation  previously  noted  by  Chiu  and  lo  (1979) 
and  Krueger  and  Winston  (1979).  Note  also  the  eastward  extension  of  these 
features  into  the  Atlantic. 

A  link  between  EOF  1  and  the  SO  is  suggested  by  the  equatorial  Pacific 
cell  which  resembles  the  upper  branch  of  the  Walker  circulation  as  hypothesized 
by  Bjerknes  (1969).  The  similarity  of  the  time  series  associated  with  EOF  1  and 
the  SOI  (Fig.  2),  which  have  a  linear  correlation  of  0.66,  reinforces  the  link. 

Figure  3  shows  the  spatial  distribution  of  the  linear  correlation  coeffi- 
cient (teleconnections)  between  the  SOI  and  200-mb  U  and  V  components.  The  U 
pattern  resembles  EOF  1.  The  V  component  pattern  indicates  confluence  near  the 
Equator  between  140°E  and  170°W  and  dif fluence  between  130°W  and  90°W  associated 
with  high  SOI. 

The  teleconnection  statistics  for  the  case  of  SOI  leading  the  winds  by 
four  months  (Fig.  4)  show  a  similar  pattern,  but  the  eastward  extension  is 
more  pronounced,  with  substantial  areas  of  the  Americas  and  the  Atlantic  having 
higher  correlations  than  zero  lag. 
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Teleconnection  statistics  have  also  been  computed  for  the  four  individual 
seasons.  These  show  significant  variations  from  season  to  season,  although 
the  patterns  all  exhibit  the  same  broadscale  appearance  of  out  of  phase  varia- 
tions between  Equator  and  subtropics.  Composite  analysis  yield  similar  results, 
with  the  interesting  feature  that  the  eastward  extensions  of  the  three  major 
centers  of  variability  appear  to  be  strongest  in  the  high  SOI  case. 

3.   700-mb  analysis 

Seasonal  composites  were  constructed  for  both  large  positive  and  negative 
anomalies  of  SOI.  The  strongest  SO  signal  appears  in  the  winter  composites 
when  700-mb  anomalies  lag  the  SOI  by  two  seasons  (Fig.  5).  The  pattern  over 
the  Pacific-North  America-Atlantic  sector  of  the  midlatitudes  is  similar  to 
that  shown  by  Bjerknes  (1972),  Namias  (1976)^  and  Horel  and  Wallace  (1981). 
Note  particularly  the  pattern  of  low/high  departures  in  the  Gulf  of  Alaska, 
high/ low  departures  over  western  North  America,  and  low/high  departures  over 
the  Eastern  North  America-Western  Atlantic  area  associated  with  low/high  SOI. 
The  pattern  of  correlations  between  SOI  and  surface  temperature  anomalies 
presented  by  Wright  (1977)  closely  agrees  with  that  which  would  be  expected 
from  this  anomaly  pattern.  An  interesting  feature  is  again  the  tendency  for 
more  pronounced  Atlantic  anomalies  associated  with  the  high  SOI  composite. 
This  is  particularly  well  illustrated  by  the  existence  of  a  broad  area  exceeding 
the  95  percent  confidence  value  for  the  high  SOI  composite  over  the  eastern 
North  America/Western  Atlantic  area,  while  no  point  in  this  area  exceeds  the 
95  percent  limit  for  the  low  SOI  composite. 

Similar  composites  for  the  other  three  seasons,  for  zero  lag,  are  shown 
in  Figs.  6  and  7.  The  autumn  pattern  is  similar  to  the  winter  pattern,  with 
the  Gulf  of  Alaska  anomaly  particularly  well  developed.  The  lag  1  and  2  signals 
are  relatively  weaker  than  their  winter  counterparts.  The  spring  and  summer 
signal  is  significantly  weaker. 
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Fig.  3   Teleconnections  (linear  correlation  at  each  grid  point)  between  the 

200  mb  U  2(top)  and  V  (bottom)  component  departures  from  monthly  mean 
values  and  the  SOI. 
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Fig.  4   As  in  Fig.  3  but  with  the  SOI  leading  by  A  months, 
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JJA  700  MB  ANOMALIES  FOR  HGH  SOI  YEARS.  LAG  =  0     CONF. LIMIT  OF  JJA  COMPOSITE  FOR  HGH  SOI  YRS,LAG=0 


SON  700  MB  ANOMALIES  FOR  HGH  SOI  YEARS.  LAG=0     CONF. LIMIT  OF  SON  COMPOSITE  FOR  HGH  SOI  YRS,LAG=0 

Fig.  6   Composites  for  other  three  seasons,  with  zero  lag,  for  high  SOI  values, 
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El   Nino  and  Variations  in  the  Atmosphere 
Over  the  Tropical   Pacific  Ocean 

Bryan  C.   Weare 

Department  of  Land,   Air  and  Water  Resources 

University  of  California 

Davis     CA     95616 

Every  few  years  an  approximately  year-long  episode  occurs  when 
anomalously  warm  ocean  surface  water  covers  the  eastern  equatorial 
Pacific.  This  anomaly  is  often  referred  to  by  its  local  name  of  El 
Nino.  This  phenomenon  has  been  hypothesized  to  be  the  response  to 
and  the  stimulus  of  very  large-scale  ocean  atmospheric  interactions 
covering  the  entire  Pacific  basin  and  beyond. 

Marine  weather  observations  for  the  entire  tropical  Pacific  Ocean  for 
the  period  1957-76  have  been  used  to  explore  the  spatial  character  of 
this  interaction.  From  these  individual  observations  obtained  from  the 
Fleet  Numerical  Weather  Central,  we  have  calculated  individual  monthly 
means  of  a  number  of  basic  meteorological  parameters  as  well  as 
derived  parameters  such  as  heat  and  momentum  surface  fluxes.  The 
latter  have  been  derived  from  the  use  of  the  data  together  with  the 
so-called  bulk  formulae. 

January  mean  data  were  stratified  by  averaging  Januaries  which 
preceded  known  El  Nino  events  and  separately  averaging  those 
Januaries  which  directly  followed  those  events.  El  Nino  events  were 
characterized  by  the  time  coefficients  of  the  dominant  function  of  an 
empirical  orthogonal  analysis  of  Pacific  Ocean  surface  temperatures 
between  50°N  and  20°S.  Fig.  I  shows  that  series,  and  indicates  by 
hatching,  the  major  and  minor  El  Nino  events.  Minor  events,  which 
were  not  included  in  the  averages  which  follow,  are  shown  by  more 
vertical  hatching.  The  Januaries  preceding  and  following  El  Ninos 
are  indicated  by  vertical   lines. 

The  differences  between  tropical  Pacific  conditions  towards  the 
beginning  of  and  towards  the  end  of  El  Nino  events  will  be  illustrated 
in  terms  of  the  differences  between  the  average  of  Januaries  pre- 
ceding minus  the  average  of  the  Januaries  following.  For  instance  in 
Fig.  2,  it  may  be  seen  that  sea  temperatures  in  the  Januaries  before 
El  Nino  are  cooler  than  those  at  the  end  of  El  Nino  throughout  the 
eastern  Pacific  north  of  I5°S.  The  stippling  on  Fig.  2,  as  on  all  of 
the  following  figures,  indicates  those  5°  by  5°  grids  for  which  the 
differences  are  greater  than  would  be  expected  at  the  95%  confidence 
level  following  a  Student  t-test.  Fig.  3  shows  that  there  are  similar 
differences  in  surface  humidity. 

Fig.  4  and  5  show  the  differences  in  zonal  and  meridional  wind 
stresses.  In  general  in  the  equatorial  region  zonal  westerlies 
(easterlies)  are  stronger  (weaker)  preceding  versus  following  El  Nino 
events.  However,  north  of  10°  N  the  reverse  is  generally  the  case. 
The  most  significant  differences  in  the  meridional  stresses  are  in  the 
central  northern  Pacific  in  which  southerly  momentum  fluxes  are 
stronger    preceding  the  events. 
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Fig.  6  shows  the  difference  in  the  net  surface  heating  of  the  ocean. 
This  net  heating  is  the  solar  radiative  flux  into  the  ocean  minus  the 
sum  of  the  infrared  radiation,  latent  heat, and  sensible  heat  fluxes  out 
of  the  ocean  surface.  Significantly  greater  fluxes  into  the  ocean  in 
the  eastern  region  occur  during  the  Januaries  preceeding  El  Ninos. 
Since  these  differences  are  generally  between  30  and  60  W/m2,  this 
suggests  that  a  substantial  portion  of  the  heating  or  cooling  phase  of 
an  El  Nino  event  is  related  to  local  surface  heating  changes.  Fig.  7 
indicates  that  the  pattern  of  the  net  heating  change  is  very  similar  to 
that  of  the  negative  of  the  loss  of  latent  heat  from  the  surface. 
Preceding  El  Ninos  relatively  less  heat  is  removed  in  the  eastern 
region.  Fig.  8  and  9  illustrate  that  changes  in  solar  heating  and 
infrared  cooling  largely  cancel  each  other.  This  is  because  both  are 
closely  related  to  cloudiness  changes. 

This  analysis  suggests  that  not  only  ocean  dynamical  changes  related 
to  wind  stress  but  ocean  surface  heating  variations  may  be  important 
to  the  development  and/or  decay  of  warm  water  events  in  the 
eastern  Pacific  Ocean.  Other  analyses  using  minor  as  well  as  major 
events  and  December  and  February  averages  as  well  as  January  means 
tend  to  verify  this  conclusion. 
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Figure   2 
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Figure   3 

PRE  -   POST  EL  NINO  YEARS  JANUARY  MEAN 
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Figure  4 


PRE  -  POST  EL  NINO  YEARS  JANUARY  MEAN 
1000  X  t,      ZONAL  WIND  STRESS  (Nt/m*) 
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Figure  5 

PRE  -  POST  EL  NINO  YEARS  JANUARY  MEAN 
1000  X  rT      MERIDIONAL  WIND  STRESS  (Nt/m*) 
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Figure   6 


PRE  -  POST  EL  NINO  YEARS  JANUARY  MEAN 
Qi-Qi-Qt-Qi       NET  HEATINC  (W/m") 
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Figure   7 

PRE  -  POST  EL  NINO  YEARS  JANUARY  MEAN 
QL      LATENT  HEAT  FLUX  (W/m*) 
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Figure   8 


PRE  -  POST  EL  NINO  YEARS  JANUARY  MEAN 
Qa      SOUR  RADIATION  (1/m*) 
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Figure   9 

PRE  -   POST  EL  NINO  YEARS  JANUARY  MEAN 
Q,       NET  BACK  LONG  WAVE  RADIATION  (W/m*) 
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Correlation  between  the  easterly  wind  stress  and  the  zonal  sea  surface 
temperature  variance  in  the  eastern  tropical  Pacific. 

Cho-Teng  Liu 
Joint  Institute  for  Study  of  the  Atmospheres  and  Ocean 
University  of  Washington/NOAA 
Seattle,  Washington  98195 

The  monthly  mean  wind  stress  in  the  region  of  100°W-140°W  and  2°S-2°N 
was  cross-correlated  with  the  zonal  sea  surface  temperature  (SST)  variation 
in  the  region  80°W-143°W  and  2°S-2°N.   The  high  correlation  between  the  two,  as 
seen  in  Figure  3,  suggests  that  the  wind  stress  plays  an  important  role  in  the 
generation  of  the  equatorial  long  waves,  which  was  first  observed  by  Legeckis 
with  GOES-EAST  satellite  images. 

The  wind  stress  data  used  in  this  study  are  calculated  from  ship-reported 
wind.   The  zonal  SST  variation  was  computed  from  the  SST-field  which  was 
derived  from  the  objective  analysis  of  ship  SST  observations.   One  example 
of  the  analyzed  SST-field  for  July  1-15,  1979,  is  shown  in  Figure  1.   During 
this  half  month,  Legeckis  has  observed  westward  propagating  equatorial  SST 
fronts.   We  located  SST  observations  from  the  research  vessel  Ooeanographev 
that  was  cruising  along  110 °W  for  S.  Hayes  of  NOAA/PMEL.   Figure  2  is  the 
SST  section  along  110°W.   The  locations  of  SST  fronts  in  both  figures  agree 
with  those  observed  by  Legeckis  using  satellite  pictures.   One  quick  con- 
clusion is  that  the  monthly  mean  SST  analysis  will  not  be  able  to  describe 
the  equatorial  SST  variations,  because  both  the  data  are  too  sparse  and 
the  averaging  period  is  too  long  to  depict  these  SST  fronts  (notice  the 
large  frontal  movement  in  just  10  days).   Any  spotty  observations  in  this 
region  are  subject  to  up  to  2°C  error  from  the  monthly  mean  values. 

Although  the  exact  causes  of  the  equatorial  fronts  are  still  debatable, 
we  would  like  to  explore  the  most  potential  one,  the  wind  stress.   If  the  wind 
stress  is  the  primary  driving  force  behind  the  equatorial  long  waves,  one 
should  be  able  to  find  some  cross-correlation  between  them.   Unfortunately 
the  equatorial  long  waves  have  never  been  tracked  by  any  ship.   All  we  have 
are  sparsely  and  randomly  distributed  SST  observations.   Statistically,  when 
the  equatorial  wave  fronts  appear  in  the  eastern  Pacific,  one  should  be  able 
to  find  increased  temporal  and  spatial  variation  of  SST.   Therefore,  we  cross- 
correlate  the  wind  stress  and  the  zonal  variation  of  SST  field  derived  from 
these  randomly  distributed  SST  observations.   As  in  Figure  3  the  time  series 
of  zonal  SST  variation  (not  SST  itself)  is  correlated  with  the  zonal  wind  stress 
on  the  time  scale  of  three  months  or  longer.   Therefore  the  wind  stress  is 
a  potential  candidate  in  generating  the  equatorial  SST  fronts. 
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Figure  1.   Sea  surface  temperature  analysis  of  July  1-15,  1979.   The  objective 
analysis  used  911  ship  radio  weather  reports. 

Figure  2.   Sea  surface  temperature  fronts  at  2.5°N  and  4.0°N,  along  110°W 
in  July  2-3,  1979,  and  at  1.2°N  and  5.6°N,  along  110°S  in 
July  12-13,  1979. 

Figure  3.   The  cross-correlation  between  the  wind  stress  (upper  curve, 

100°W-140°W  and  2°S-2°N)  and  the  zonal  variation  of  sea  surface 
temperatures  (lower  curve,  80°W-143°W  and  2°S-2°N). 
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Pacific    Trade    Wind    Fluctuations    and    the    Southern    Oscillation    Index 

Stephen    Pazan    and    Gary    Meyers 
University    of    California 
Scripps    Institution    of    Oceanography 
La    Jolla,     California       92093 

In  troduc  tion 


Interannual  surface  wind  fields  in  the  tropical  Pacific 
fluctuate  in  a  complex  way  with  the  southern  oscillation. 
Interannual  fluctuations  in  sea  level  and  temperature  seem 
to  be  closely  associated  with  these  surface  wind  field  fluc- 
tuations. The  ocean  is  certainly  driven  by  the  wind;  it  may 
be  that  the  wind  and  the  atmosphere  are  also  driven  in  feed- 
back by  the  ocean.  Critical  to  an  understanding  of  the 
relationship  between  ocean  and  atmosphere  is  an  understand- 
ing   of    the    spatial    structure    of    the    interannual    variations. 

There  have  been  three  previous  studies  of  surface  wind 
interannual  variations  in  the  Pacific  which  have  used  essen- 
tially the  same  dataset  to  study  the  spatial  structure  of 
interannual    variations.       These    are: 

1)  A  study  of  wind  variations  and  the  El  Nino  (Wyrtki, 
1976).  Wyrtki  found  that  the  El  Nino  warming  in  the 
eastern  Pacific  off  Peru  was  preceded  by  a  collapse 
of    the    tradewind    system    in    the    central    Pacific. 

2)  Orthogonal  eigen  function  analyses  of  bimonthly  wind 
fields  (Parnett,  1977).  Principal  modes  of  the  wind 
fields  are  determined  by  seasonal  changes.  Modes  of 
the  interannual  anomalies  have  very  large  spatial 
scales  with  important  centers  in  the  western  equatorial 
Pacific    and    the    vicinity    of    the    ITCZ. 

3)  A  study  of  the  interannual  behavior  of  Hadley  cell 
circulation  using  zonally  averaged  Pacific  marine  winds 
(Reiter,  1978).  The  meridional  velocity  fluctuations 
were  discovered  to  have  distinct  structure  (Reiter, 
1978). 

The  present  study  is  a  preliminary  effort  to  determine 
the  spatial  structure  of  that  part  of  the  surface  wind  field 
which  is  in  harmony  with  the  southern  oscillation  index. 
Winds  from  marine  observations  have  been  monthly  averaged 
from  1947  to  19723and  the  months  have  then  been  seasonally 
averaged  to  produced  seasonal  mean  winds.  Averages  were 
made  over  rectangles  2  degrees  in  latitude  by  10  degrees  in 
longitude  The  resulting  mean  winds  were  arrayed-on  a  17  by 
30  grid  extending  from  3  0°Sto30°N  and  1  10  °  E  to  7  0°  W  . 
Peter  Wr  ight'  s(  1  97  7 )  southern  oscillation  index  modified  to 
include  more  Pacific  Ocean  data  used  to  calculate  regres- 
sion coefficients  of-  the  wind  against  southern  oscillation 
index.  This  southern  oscillation  index  was  computed  as  the 
first  orthogonal  eig  enf  un  c  tion  of  surface  pressures  at:  Bom- 
bay, India;  Darwin,  Australia;  Apia,  Samoa;  Tahiti;  and  Eas- 
ter Island.  In  this  way  it  was  hoped  to  eliminate  spatial 
biases  which  might  arise  from  merely  taking  the  difference 
in  sea  level  pressure  at  two  stations.  The  regression  equa- 
tion   was 


(V-y)=r(soi) 
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which  has  the  virtue  of  providing  an  r  which  is  like  a  wind 
anomaly  if  the  southern  oscillation  index  (SOI)  is  properly 
normalized.  In  fact,  inspection  of  the  southern  oscillation 
index  (Figure  1)  shows  that  the  minima  at  strong  FA  Nino 
years  1958,  1966,  and  1972  were  very  nearly  -2  mb .  What 
this  means  in  terms  of  interpreting  the  regression  coeffi- 
cients   will    be    explained    later. 

De  cember- January-February  seasonal  regression  coeffi- 
cients were  plotted  in  Figure  2.  Recollecting  that  the 
southern  oscillation  index  was  -2  during  strong  El  Nino 
years,  it  can  be  seen  that  the  figure  represents  an  anomaly 
wind  field  at  about  one— half  the  strength  of  a  strong  El 
Nino.  Features  in  this  figure  can  be  readily  identified 
with  interannual  fluctuations  in  the  De cember- Ja nuary- 
February  wind  field,  such  as:  1)  weakened  East  Asian  mon- 
soon; 2)  weakened  and  reversed  easterlies  west  of  180 
degrees  and  south  of  the  Equator  ;  3)  a  shift  of  the  ITCZ  to 
the  south  from  1 20°W  to  the  dateline;  4)  and  a  strong 
increase  in  northerly  winds  north  of  Hawaii.  However,  all  of 
these  features  are  obscured  and  confused  by  the  high  meri- 
dional wavenumber  noise.  In  order  to  reduce  the  'jitter'  of 
the  vectors,  a  hanning  filter  (1/4,1/2,1/4)  was  used  in  the 
meridional    direction. 

Before  the  results  of  this  filtering  are  examined, 
another  question  of  confidence  in  the  regression  coeffi- 
cients will  be  addressed.  Regression  coefficients  of  the 
wind  on  the  southern  oscillation  index  only  reflect  random 
noise  when  the  wind  is  not  correlated  with  the  southern 
oscillation  index.  In  Figure  3a,  correlation  coefficients 
greater  than  0.5  of  the  zonal  component  of  wind  vs.  the 
southern  oscillation  index  are  hatchured,  and  the  zonal  com- 
ponent of  the  regression  coefficients  are  contoured*  It  is 
evident  that  the  hatchured  area  is  coincident  with  the  areas 
of  greatest  regression  coefficient,  i.e.  greatest  the  south- 
ern   oscillation    index    'anomaly'     activity.       Similarly,    Figure 

3b  is  hatchured  in  the  area  where  correlation  coefficient  of 
meridional  wind  component  is  greater  than  0.5.  It  is  also 
evident  that  in  this  latter  the  greatest  meridional  coeffi- 
cients are  very  nearly  coincident  with  the  hatchured  zones 
of  greatest  confidence.  For  the  period  of  record-,-  26  years, 
there  would  be  better  than  15  degrees  of  freedom,  since 
there  are  at  least  15  out  of  26  seasons  with  data  for  each 
plotted  vector.  The  hypothesis  that  the  winds  are  corre- 
lated with  the  southern  oscillation  index  within  the 
hatchured  areas  will  fail  less  than  5%  of  the  time  with 
these  many  degrees  of  freedom  assuring  that  the  regression 
coefficients  do  reflect  a  variation  in  the  wind  field  with 
the    southern    oscillation    index. 

The  filtered  December-January-February  regression  coef- 
ficient vectors  are  shown  in  Figure  4a,  demonstrating  the 
effectiveness  of  the  hanning  filter  in  removing  the  'jitter' 
of  the  unfiltered  plot  while  retaining  most  of  the  informa- 
tion. Features  of  the  wind  field  are  clearer,  particularly 
in    indicating     the    small    shift    of    the    ITCZ   and    in   delineating 
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the  character  of  the  ex tra- equator ial  west  Pacific  flow.  In 
the  west  Pacific,  the  regression  coefficient  vectors  indi- 
cate a  converging  flow  upon  the  Southern  Hemispheric  near 
equatorial  convergence.  This  flow  seems  to  be  connected 
with  weak  easterlies  in  the  Northern  Hemisphere  and  an  eddy- 
ing or  wavelike  flow  in  the  Southern  Hemisphere  east  of  Aus- 
tralia. The  eddy  flow  is  indicated  by  dotted  lines  and  has 
been    seen    in    IR   satellite    images. 

March-April-May  regression  coefficient  vectors  are 
shown  in  Figure  5  a  and  are  much  like  the  De cember- Ja nuar y- 
February  pattern  albeit  less  intense.  The  anomaly  north  of 
Hawaii  is  now  a  westerly  and  there  is  less  confusion  in  vec- 
tors near  the  ITCZ  east  of  ]30°W,  indicating  that  changes 
that  are  not  in  phase  with  the  southern  oscillation  index 
during  the  De cember- January-February  are  in  phase  in  March- 
April-May  . 

Any    effect    of    the    southern      oscillation      on       the       south 
east       Asian      monsoon       is       too    weak   to    identify,    but    the    near 
equatorial    convergence    is   nearly   as    strong    from      160°E    to    160°W 
as    during    December-January-February.       Once    again,    an    eddy   or 
standing    wave    phenomenon    is    observed    from   170°E    to    160°W    south 
of    10°S. 

June-  Ju  ly-Augms  t  regression  coefficient  vectors  (Figure 
6a)  have  shifted  five  to  ten  degrees  north  in  the  western 
Pacific,  a  change  which  is  paralleled  in  the  seasonal  clima- 
tology (Figure  4b  and  6b)  from  March-April-May  to  June- 
July-August.  The  southward  shift  of  the  ITCZ  during  periods 
of  negative  the  southern  oscillation  index  is  strongly 
apparent  in  the  western  Pacific  in  this  season.  A  broad 
band  of  westerly  flow  in  the  Southern  Hemisphere  fromo170°E 
120°W  and  at  95°W  would  reverse  flow  between  20°S  and  30°S. 
(Figure  6b)  and  possibly  reflects  a  northward  shift  in  the 
Southern    Hemispheric         middle      latitude      circulation.  The 

anomalous  flow  is  no  longer  north  of  Hawaii  but  the  'stand- 
ing wave'  seen  in  De  cember- January-February  and  spring  is 
quite    strong    east    of    Australia. 

Se  ptember-Oc7tober-No  vember  regression  coefficient  vec- 
tors (Figure  7  a)  follow  the  June- Ju  ly-Aug  ust  pattern,  with 
an  even  stronger  reversal  of  flow  in  the  western  Pacific,  as 
can  be  seen  by  comparing  with  climatology  (Figure  7b)  .  The 
ITCZ  has  a  strong  shift  equatorward  from  climatology,  as  in 
Ju  ne- Ju  ly-Aug  us  t .  The  westerly  southeast  Asian  monsoon  is 
strengthened  slightly,  jmst  as  the  De  cember- Ja  nuar  y-Fe  b  ruar  y 
easterly  southeast  Asian  monsoon  was  also  strengthened. 
Strong  standing  wave  or  eddy  flow  patterns  are  observable  in 
the    southwest    Pacific    in    this    season    also. 

Co  nclusions 

Major  interannual  variations  of  the  trade  wind  system 
are  visible  in  linear  regression  coefficients  against  a  the 
southern  oscillation  index.  In  particular,  westerlies  in 
the  western  Pacific  trades  reflect  a  weakening  of  the  Walker 
circulation  during  the  southern  oscillation  index  less  than 
0.  An       equatorward       shift      of       the    ITCZ    is    observed     in    all 
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seasons,  being  strongest  in  June- Ju  ly-Aug  us  t  and  f  al  1  • 
Since  the  ITCZ  shifts  south  in  the  dim  ato  log  ical  December- 
January-February  months,  the  seasonal  shifts  in  the  ITCZ  are 
weakened  during  periods  of  negative  the  southern  oscillation 
index.  The  southward  ITCZ  shift  from  March  to  Augmst  may 
decrease  the  momentum  exported  to  the  Southern  Hemisphere 
circulation  via  Hadley  cell  tel  econnec  tions  ,  thus  creating 
the  strong  southern  hemispheric  westerly  trade  wind 
anomalies  seen  in  June- Ju  ly-Aug  us t  .  No  converse  response  is 
seen  in  De-cember- January-February  to  shifts  in  the  ITCZ  dur- 
ing   Se  ptember-Oc'tober-No  venber  . 

An  eddy  or  standing  wave  pattern  is  observed  in  the 
southwest  Pacific  in  all  seasons*  A  similar  pattern  can  be 
seen  in  IR  satellite  observations.  This  pattern  may  reflect 
a    teleconnec tion    with    the     Southern    Hemisphere. 
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FIGURE  I  .   PETER  WRIGHT'S  SOUTHERN  OSCILLATION  INDEX.   THIS  IS  THE  FIRST  ORTHOGONAL  EIGENFUNCTION  OF 
SEA  SURFACE  PRESSURES  AT  DARWIN,  AUSTRALIA,  BOMBAY,  INDIA,  APIA,  SAMOA,  TAHITI,  AND 

Easter  Island. 
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Figure  2.     December- January-February  seasonal  regression  coefficients  of  surface  wind  against 
Peter  Wright's  southern  oscillation  index. 
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Figure.  3A.  Contours  of  the  zonal  com=onent  of  wind  regression  coefficients.  Areas  in  which 

THE  CORRELATION  COEFFICIENTS  OF  THE  ZONAL  WIND  AND  THE  SOUTHERN  OSCILLATION  INDEX 
EXCEED  0.5  ARE  HATCHURED. 
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Figure.  3B.  Contours  of  the  zonal  conpoennt  of  wind  regression  coefficients.  Areas  in  whcih 

THE  COERRLATI0N  COEFFICIENTS  OF  THE  ZONAL  WIND  AND  THE  SOUTHERN  OSCILLATION  INDEX 
EXCEED  0.5  ARE  HATCHURED. 
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Comparison  of  Four  Equatorial  Wind  indices  over  the  Pacific 
and  El  Nino  Outlook  for  1981 

Klaus  Wyrtki 
University  of  Hawaii 


Indices  of  climatological  parameters  are  much  needed  tools  for  the 
study  of  the  interannual  variations  of  the  ocean  atmosphere  system.   A 
wind  index  for  the  equatorial  Pacific  Ocean  is  needed  for  the  analysis  and 
prediction  of  El  Nino  (Wyrtki,  1975;  Barnett  and  Hasselmann,  1979).   At 
present  four  wind  indices  are  being  prepared  for  the  equatorial  Pacific 
Ocean  and  it  is  the  goal  of  this  study  to  determine  how  well  they  agree. 
Since  two  of  the  indices  are  based  entirely  or  in  part  on  satellite 
observations  it  will  also  be  of  interest  to  note  how  well  they  compare  with 
conventional  surface  wind  observations. 

The  NORPAX  index  is  based  on  ship  observations  derived  from  the  climate 
data  file  (Wyrtki  and  Meyers,  1976,  and  updated  by  Pazan  in  1980).   The  index 
gives  both  the  average  wind  vector  and  the  wind  stress  for  each  month  of  the 
period  1947  to  1978  for  the  area  from  4°N  to  4°S  and  from  140°W  to  180°.   Stresses 
were  computed  from  individual  observations,  and  averaged  for  areas  of  two 
degrees  of  latitude  and  10  degrees  of  longitude.   Sixteen  such  fields  were 
averaged  for  the  index.   The  number  of  observations  used  for  the  index  varied 
between  40  and  100  per  month  with  an  average  of  about  70. 

A  similar  index  is  being  computed  by  the  National  Marine  Fisheries  Service, 
(NMFS) (Miller,  personal  communication).   This  NMFS  index  is  based  on  ships* 
radio  reports,  covers  the  period  1961  to  1979,  and  gives  monthly  mean  vector 
winds.   Averaging  is  performed  for  five  degree  areas  and  16  such  areas  are 
averaged  for  the  index,  which  covers  the  area  from  5°N  to  5*S  and  from  140°W  to 
180  .  The  number  of  observations  in  this  area  is  typically  between  30  and  90 
and  the  average  is  about  60.   The  NORPAX  index  and  the  NMFS  index  are  using 
essentially  the  same  data  base. 

An  index  based  entirely  on  satellite  wind  vectors  has  been  developed  by 
Sadler  (personal  communication).   Vectors  of  low-level  cloud  motion  are 
averaged  for  areas  of  2.5  degrees  of  latitude  and  10  degrees  of  longitude, 
and  both  the  monthly  mean  vector  winds  and  the  wind  stress  are  being  computed. 
The  index  covers  the  period  1975  to  1980  and  the  area  from  5eN  to  5*S  and  from 
140°W  to  180°.  The  index  is  based  on  700  to  1600  observations  per  month. 

The  tropical  wind  analysis  by  the  National  Environmental  Satellite 
Service  (NESS)  is  also  being  used  to  derive  a  wind  index.   A  daily  computer 
analysis  of  the  tropical  wind  field  at  1000  mb  using  pressure,  wind,  and 
satellite  wind  observations  as  input,  is  a  basis  for  a  computation  of  monthly 
mean  wind  vectors  at  grid  points  five  degrees  apart  (Krueger,  personal 
communication).   These  wind  vectors  have  been  used  to  determine  a  monthly 
wind  index  for  the  area  7.5°N  to  7.5°S  and  140°W  to  180°  for  the  period 
1976  to  1980. 
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These  four  wind  indices  of  somewhat  different  design  and  origin 
(Table  1)  can  now  be  compared  and  time  series  of  the  indices  are  shown 
in  Figures  1  to  6.   Correlation  coefficients  between  them  are  listed  in 
Table  2. 

The  NORPAX  and  the  NMFS  index  compare  very  favorably,  both  in  terms 
of  the  monthly  values  as  well  as  with  regard  to  the  12-month  running  mean. 
This  is  not  surprising  since  they  are  based  on  virtually  the  same  data  set. 
The  correlation  coefficient  between  the  two  indices  of  0.74  is  unexpectedly 
low;  this  is  due  to  the  high  variability  of  the  wind  field,  which  is 
inadequately  sampled  by  only  about  60  observations  per  month.   The  standard 
deviation  of  the  difference  between  the  NORPAX  and  the  NMFS  winds  is  0.9  m/s~  , 

The  satellite  wind  index  by  Sadler  compares  well  with  either  the  NORPAX 
or  the  NMFS  ships  wind  index,  and  the  correlation  coefficient  of  0.66  and 
0.61  are  not  significantly  different.   They  are,  however,  less  than  the 
correlation  between  the  two  indices  based  on  ships* observations.   Remarkable 
is  that  the  standard  deviation  of  the  satellite  winds  (0.9  m/s"-*-)  is  less 
than  that  of  the  ship  winds  (1.2  m/s--'-)  ;  this  is  also  obvious  from  a  visual 
inspection  of  Figures  1  to  3.   The  lower  variability  of  the  satellite  winds 
exists  despite  the  fact  that  the  mean  satellite  wind  of  8.4  m/s~l  is  substan- 
tially stronger  than  the  mean  surface  wind  of  4.9  m/s--*-.   This  indicates  that 
the  trade  winds  at  cloud  level  are  much  more  regular  than  the  winds  at  sea 
level,  and  that  projecting  satellite  observed  winds  to  the  sea  surface  may 
be  a  rather  difficult  procedure. 

The  NESS  wind  index  compares  very  well  with  the  NORPAX  index  (r  =  0.73), 
but  much  less  favorably  with  the  NMFS  index  (r  =  0.53).   This  may  be  partly 
due  to  the  rather  short  period  of  comparison,  but  is  more  likely  due  to  the 
somewhat  large  number  of  observations  included  in  the  NORPAX  index. 

The  Sadler  index,  using  satellite  wind  observations  exclusively,  and  the 
NESS  index,  which  uses  the  same  satellite  winds,  but  projects  them  through 
a  computer  analysis  and  a  boundary  layer  model  to  the  sea  surface,  correlate 
only  with  r  =  0.57,  indicating  problems  in  the  analysis.   The  actual 
satellite  observations  and  the  ships1  observations  correlate  better. 

A  comparison  between  the  zonal  components  of  the  wind  stress  as  derived 
from  the  ships"  observations  and  from  the  satellite  winds  (Figs.  5  and  6) 
shows,  as  expected,  a  larger  variance  of  the  monthly  values  but  the  same 
low-frequency  signal.   The  correlation  is  only  0.57,  less  than  that  for  the 
zonal  wind. 

No  corresponding  analysis  was  made  for  the  meridional  component  of  the 
wind,  which  is  generally  small  over  this  area  and  is  a  present  not  required 
as  an  index. 

In  conclusion  it  can  be  stated  that  all  four  wind  indices  give  approxi- 
mately the  same  low-frequency  signal.   In  individual  months  they  differ 
considerably,  which  is  due  to  the  small  number  of  observations  for  the  two 
indices  based  on  ship  reports,  and  due  to  the  limited  ability  to  project 
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cloud  motion  vectors  through  the  atmospheric  boundary  layer  to  the  ocean 
surface  for  the  indices  based  on  satellite  winds.   The  indices  are  in 
general  satisfactory  for  the  purpose  of  long  term  climate  analysis,  but 
their  precision  and  utility  on  the  monthly  time  scale  could  be  considerably 
improved  if  the  number  of  ship  weather  reports  in  the  area  could  be 
increased  to  about  200.   Until  that  is  accomplished,  the  untempered  satellite 
wind  index  is  probably  the  best. 

According  to  observations  and  theory  El  Nino  is  preceded  by  the 
accumulation  of  unusually  large  masses  of  warm  water  in  the  western  equa- 
torial Pacific  Ocean.   This  documents  itself  in  higher  sea  level  and  in  a 
depression  of  the  thermocline,  both  produced  by  stronger  than  normal  trade 
winds  over  a  period  of  many  months.   El  Nino  is  subsequently  triggered  by 
the  relaxation  of  the  trade  winds. 

Since  the  1976  El  Nino  the  trade  winds  over  the  central  equatorial 
Pacific  have  not  been  above  normal  for  extended  periods.   The  ships' 
observations  (Fig.  1)  show  very  weak  winds  in  1977  and  1978.   An  index  of 
satellite  winds  derived  by  Sadler  (Fig.  3)  shows  that  equatorial  trade  winds 
in  1979  and  early  1980  were  still  somewhat  below  normal.   Consequently  no 
accumulation  of  warm  water  could  occur  in  the  western  Pacific. 

Sea  level  records  at  Malakal  and  Yap  in  the  Philippine  Sea  (Fig.  7) 
display  a  normal  annual  cycle  in  1977,  1978, and  1979.   Sea  level  is  low 
during  the  north  hemispheric  winter,  rises  in  spring,  and  has  a  maximum  in 
summer.   In  1980  the  spring  rise  of  sea  level  does  not  occur  and  sea  level 
remains  low  at  least  until  August.   Consequently  the  most  important  pre- 
condition of  the  occurance  of  El  Nino,  namely  high  sea  level  in  the  western 
equatorial  Pacific,  is  not  given.   The  failure  of  sea  level  to  rise  seasonally 
in  the  spring  of  1980  may  be  caused  partially  by  the  weak  equatorial  winds 
(Fig.  3)  and  partially  by  the  winds  over  the  western  equatorial  Pacific,  but 
information  on  winds  west  of  the  date  line  are  not  available  to  me  at  this 
time. 

On  the  basis  of  this  analysis  it  may  be  stated  that  a  moderate  or  strong 
El  Nino  is  not  possible  in  1981,  because  sea  level  in  the  western  Pacific  is 
not  above  normal,  which  is  the  most  important  precondition  for  its  occurance. 
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Table  1.   The  four  wind  indices  in  the  equatorial  Pacific. 


DATA 

PARAMETERS 

PERIOD 

AREA 

NORPAX 

SHIPS,  LOG 

U,  TAUX 

1947  -  78 

4N-4S,  140W-180 

NMFS 

SHIPS,  RADIO 

U, 

1961  -  79 

5N-5S,  140W-180 

SADLER 

SATELLITE 

U,  TAUX 

1975  -  80 

5N-5S,  140W-180 

NESS 

ANALYSIS 

u, 

1975  -80 

7.5N-7.5S,  140W-180 

Table  2.   Corellation  coefficients  between  the  four  wind  indices, 
Number  of  months  in  brackets.   Upper  right  half  for  wind  speed 
indices,  lower  left  for  wind  stress  indices. 

WIND 


NORPAX 

NMFS 

SADLER 

NESS 

NORPAX 

0.74 
(92) 

0.66 
(44) 

0.73 
(39) 

NMFS 



0.61 
(54) 

0.53 
(49) 

SADLER 

0.57 



0.57 
(55) 

NESS 

— 





WIND  STRESS,  TAUX 
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Fig.  1.   NORPAX  index.   Zonal  component  (m  s   ,  westward  positive) 
of  the  equatorial  wind  based  on  ship  observations.   The  thin  line 
gives  individual  monthly  means,  the  heavy  line  the  12  month  running 
mean.   The  mean  is  4.9  m  s~l. 
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Fig.  2.   National  Marine  Fishery  Service  index.   Zonal  component 
(m  s   ,  westward  positive)  of  the  equatorial  wind  based  on  ships 
radio  reports.   The  thin  line  gives  individual  monthly  means,  the 
heavy  line  the  12  month  running  mean.   The  mean  wind  is  4.4  m  s 
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Fig.  3.   Satellite  wind  index.   Zonal  component  (m  s   , 
westward  positive)  of  the  equatorial  wind  based  on  low 
level  cloud  motion  vectors.   The  thin  line  gives  individual 
monthly  means,  the  heavy  line  the  12  month  running  mean. 
The  mean  wind  is  8.4  m  s 
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Fig.  4.   National  Environmental  Satellite  Service 
Index.   Zonal  component  (m  s  ( westward  positive)  of 
the  equatorial  wind  based  on  the  daily  tropical  wind 
analysis.   The  thin  line  gives  individual  monthly  means, 
the  heavy  line  the  12  month  running  mean.   The  mean 
wind  is  4.6  m  s 
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Fig.  5.   NORPAX  wind  stress  index.   Westward  component  of  the 

2  -2  ■ 
equatorial  wind  stress  (m  s   )  based  on  ships  wind  observations 

The  thin  line  gives  individual  monthly  means,  the  heavy  line  the 

12  month  running  mean. 
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Fig.  6.   Satellite  wind  stress  index.   Westward  component 

2   -2 
of  the  equatorial  wind  stress  (m  s   )  based  on  low  level 

cloud  motion  vectors.   The  thin  line  gives  individual 

monthly  means,  the  heavy  line  the  12  month  running  mean. 
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Fig.  7.   Monthly  mean  sea  level  (cm)  at  Malakal  (7N,  134E)  and  Yap  (9N,  138E) 
from  1974  to  1980. 
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SYNOPTIC  PROCESSES  OVER  THE  SOUTH  PACIFIC  OCEAN 
DURING  YEARS  OF  CONTRASTING  EQUATORIAL  CIRCULATION  AND  SST  ANOMALIES 

Richard  A.  Keen 

Cooperative  Institute  for  Research  in  Environmental  Sciences 

University  of  Colorado 
Boulder,  Colorado  80309 


This  paper  discusses  the  role  of  synoptic-scale  systems,  both 
tropical  and  extratropical  ,  in  the  larger-scale  atmospheric  circulation 
variability  known  as  the  Southern  Oscillation  (S.  0.)-  The  usual  low-level 
winds  over  the  equatorial  Pacific  are  characterized  by  dry  easterlies. 
Occasionally  -  particularly  over  the  Western  Pacific  'during  November, 
December,  and  April  -  this  flow  reverses.  Equatorial  westerlies  are 
associated  with  active  convection. 

Examples  of  the  interannual  variability  of  the  distribution  of 
active  convection  over  the  Central  and  Westerp  Tropical  Pacific,  as 
measured  by  the  frequency  of  Highly  Reflective  Clouds  (HRC)  on  satellite 
imagery,  are  shown  in  Fig.  1.   In  December  1973,  dry  easterlies  extended 
along  the  Equator  as  far  west  as  Indonesia,  with  only  5  mm  precipitation 
at  Canton  Island  (172  W,  3  S).  Wet  equatorial  westerlies  crossed  the 
date  line  during  December  1972  and  1977;  respective  Canton  Island  precipi- 
tation totals  were  427  mm  and  522  mm. 

The  synoptic  sequence  shown  in  Fig.  2  is  typical  of  heavy  rain 
events  at  Canton  Island,  and  occurred  twice  during  each  of  the  seasons 
1957-58  and  1977-78.  On  10  November,  equatorial  easterlies  extend  across 
the  date  line;  a  cold  front  is  penetrating  into  tropics  from  the  southwest. 
By  23  November,  the  cold  front  (as  analysed  on  NMC  charts)  stalls;  a 
cyclonic  development  near  the  date  line  initiates  equatorial  westerlies. 
A  second  low  forms  north  of  the  Equator  on  26  November,  and  the  westerlies 
reach  Canton  Island.  By  5  December,  the  northern  low  moves  poleward  as 
a  tropical  storm,  but  a  broad  trough  remains  south  of  the  Equator, 
maintaining  equatorial  westerlies.   In  this  particular  case  the  southern 
low  pressure  region  generated  two  tropical  storms.  Most  of  these  heavy 
rain  episodes  at  Canton  Island  have  resulted  in  tropical  storm  development, 
usually  in  both  hemispheres.  The  climatology  of  these  disturbances  can 
easily  be  extended  by  considering  named  tropical  pairs. 

The  interrelationships  between  cyclone  pairs,  equatorial  convection 
and  SST's,  and  the  S.  0.  are  summarized  in  Figure  3.  There  is  a  good 
correlation  between  the  S.  0.  index  (Tahiti  minus  Darwin  pressures)  and 
the  eastward  equatorial  extent  of  29  C  surface  water.  However,  the 
longitudes  of  warm  water  and  equatorial  convection  (defined  by  HRC  =  3, 
see  Figure  1)  agree  interannually  but  not  on  an  annual  cycle.  The  longitudes 
are  about  the  same  during  southern  summers,  but  differ  by  40  during 
southern  winters.  This  implies  that  the  link  between  SST  and  convection 
is  not  a  simple  direct  one.  Cyclone  pairs  occur  during  southern  summer 
only,  and  provide  the  dynamical  link  between  warm  surface  water  and 
convection  on  the  Equator.   In  general,  the  longitude  of  the  cyclone 
pairs  follows  those  of  high  SST's  and  convection  from  summer  to  summer; 


219 


the  exception  was  1974-75  when,  in  spite  of  warm  SST's  near  the  date 
line,  no  cyclone  pair  developed.  The  apparently  developing  S.  0.  anomaly 
collapsed  early  in  1975.  Also  apparent  in  Fig.  3  is  a  feedback  between 
the  occurrence  of  cyclone  pairs  and  extent  of  warm  water.  Five  events 
when  warm  SST's  extended  east  after  development  of  a  pair  are  October 
1972,  December  1976,  March  1977,  December  1977,  and  December  1979.  The 
SST  changes  for  these  five  events  are  composited  in  Figure  4.  In  all 
five,  a  SST  warming  occurred  in  an  area  just  south  of  the  Equator, 
apparently  due  to  advection  or  reduced  upwelling  associated  with  the 
surface  westerlies  between  the  paired  cyclones. 

Extratropical  storm  tracks  for  high  and  low  S.  0.  winters  are 
compared  in  Figures  5  and  6.  Low  S.  0.  is  eastward  extension  of  the 
equatorial  anomaly  (rain  events  at  Canton  Island).  The  parameter  shown 
is  the  magnitude  of  500-mb  positive  vorticity  flux,  computed  from  daily 
Australian  gridded  500-mb  heights  and  summed  over  a  month  or  season. 
Relative  vorticity  is  computed;  to  isolate  cyclonic  regions  only  positive 
values  are  taken,  and  are  multiplied  by  geostrophic  wind  to  get  the 
flux.  The  resulting  magnitudes  are  related  to  the  number  and  intensity 
of  upper  short  waves  passing  over  each  grid  point.  During  low  S.  0. 
winters  cyclonic  activity  is  weaker  across  Australia  but  stronger  over 
the  central  South  Pacific,  apparently  weakening  the  western  flank  of  the 
subtropical  anticyclone. 

Vorticity  fluxes  for  high  and  low  S.  0.  Decembers  are  compared  in 
Figures  7  and  8.  An  expansion  of  the  circumpolar  vortex  during  low  S. 
0.  is  apparent  in  both  vorticity  flux  and  500-mb  height  changes.  The 
greater  flux  over  the  Tasman  Sea  indicates  more  "digging"  troughs  during 
low  S.  0.;  more  detailed  displays  of  the  data  show  a  northward  spur 
along  the  date  line.  Data  for  individual  Novembers  and  Decembers  associate 
relatively  high  fluxes  near  the  date  line  with  cyclone  pair  development, 
supporting  the  implication  suggested  by  cold  fronts  on  the  synoptic 
sequence  in  Figure  2  that  extratropical  systems  may  trigger  some  cyclone 
pairs.  The  absence  of  date  line  cyclone  pairs  during  1974-75  may  have 
been  related  to  the  lack  of  low-latitude  extratropical  disturbances 
(i.e.  wery   small  vorticity  fluxes  near  the  date  line). 

In  summary,  the  suggested  role  of  synoptic  systems  in  the  S.  0.  is: 

1)  Cross-equatorial  cyclone  pairs  provide  the  link  between  warm 
surface  water  and  equatorial  convection  in  the  Central  Pacific. 

2)  These  systems  generally  vary  in  longitude  with  the  S.  0. 
anomaly,  but  appear  to  play  a  feedback  role  in  maintaining  or 
extending  the  warm  equatorial  sea  surface  temperature  anomaly. 

3)  South  Pacific  extratropical  storm  activity  is  generally  stronger 
and  displaced  equatorward  during  low  S.  0.  seasons. 

4)  These  low-latitude  extratropical  systems  may  help  initiate 
formation  of  date-line  cyclone  pairs. 

5)  The  occurrence  (or  absence)  of  a  single  synoptic  system  may 
influence  the  outcome  of  an  entire  Southern  Oscillation  anomaly. 
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Fig.l.   Monthly  number  of  days  per  1-degree  square  with  Highly  Reflective 
Clouds  (HRC)  over  the  central  and  western  tropical  Pacific,  December  1972, 
73,  and  77.  Areas  with  HRC  frequencies  of  3  or  more  are  outlined,  and 
frequencies  of  10  or  more  are  shaded.  Data  courtesy  of  0.  Garcia,  JIMAR. 
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Fig.  2.  Surface  synoptic  analyses  during  the  evolution  of  an  equatorial  westerly  disturbance, 
November-December,  1977. 
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Fig.  3.  Top:  Monthly  mean  sea-level  pressure  differences  between  Tahiti  and  Darwin. 

Bottom:  Longitudes  of  the  easternmost  equatorial  extents  of  29°C  SST's  and  active  convection, 
and  of  cross-equatorial  cyclone  pairs. 
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Fig.  4.   Number  of  occurrences  (out  of  5  events)  that  SST  rose  by  1  C  or 
more  between  the  central  month  of  a  date  line  cross-equatorial  cyclone 
pair  (Canton  Island  heavy  rain  event)  and  the  following  month. 
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Fig.  5.  (left)  Magnitude  of  positive  relative  vorticity  flux,  composited  for  three  high  Southern 
Oscillation  winters  (June-September),  1973,  74,  and  75.  Contour  interval,  100  x  10"  m/sec  ; 
zero  and  100  contours  omitted  for  clarity, 
(right)  As  above,  but  composited  for  three  low  Southern  Oscillation  winters,  1972,  76,  and  77. 
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Fig.  6.  (left)  Vorticity  flux  difference  between  the  low  and  high  Southern  Oscillation  winters 

(low  minus  high)  in  figure  5.  Contour  interval,  100  x  10   m/sec  ;  zero  contour  omitted  for  clarity; 

negatively  valued  contours  dashed. 

(right)  Mean  500mb  height  difference  between  low  and  high  Southern  Oscillation  winters  (low  minus  high). 

Contour  interval,  50m;  negatively  valued  contours  dashed. 
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Fig.  7.  (left)  As  in  fig.  5,  except  vorticity  flux  is  composited  for  three  high  Southern  Oscillation 

Decembers,  1973,  74,  and  75. 

(right)  Vorticity  flux  composited  for  three  low  Southern  Oscillation  Decembers,  1972,  76,  and  77. 
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Fig.  8.  (left)  As  in  fig.  6,  except  differenced  between  the  low  and  high  Southern  Oscillation 
Decembers  (low  minus  high)  in  fig.  7. 

(right)  Mean  500mb  height  difference  between  low  and  high  Southern  Oscillation  Decembers  (low  minus  high), 
Contour  interval,  50m. 
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An  Analysis  of  Seasonal  Trade  Wind  Divergence  in  the  Pacific 
and  Its  Relationship  to  Circulation  in  Higher  Latitudes 

by 

Robert  Harnack 

Department  of  Meteorology  &  Physical  Oceanography 
Rutgers  -  The  State  University 
New  Brunswick,  New  Jersey  08903 

The  25-year  monthly  Pacific  trade  wind  data  set  assembled  by  Wyrtki  and 
Myers  by  2°  latitude  by  10°  longitude  quadrangles  was  used  to  compute  horizontal 
velocity  divergence  for  each  standard  season  in  the  period  1948-73.    In  order 
to  increase  the  number  of  observations  available  for  analysis,  data  of  adjacent 
quadrangles  were  aggregated  so  that  data  points  were  4°  latitude  and  10°  longitude 
apart.   Individual  monthly  means  were  also  aggregafted  into  standard  season  means. 
Horizontal  velocity  divergence  was  then  computed  for  each  season,  using  a  4° 
latitude  -  10°  longitude  grid. 

Long-term  means  were  computed  and  mapped  for  each  season.  Figures  1  and  2 
show  the  maps  for  winter  (Dec-Feb)  and  summer  (June-Aug)}  respectively.  These 
each  indicate  the  zonally  extensive  area  of  convergence  centered  near  6°N 
in  winter  and  near  8°N  in  summer.  Divergence  anomalies  were  also  computed  for 
each  season  —  a  partial  analysis  of  which  is  shown  in  Figure  3.   This  indicates 
that  most  of  the  interannual  variability  is  found  in  the  Northern  Hemisphere  tropics 
No  obvious  relationship  between  trade  divergence  anomaly  and  the  occurrence  of 
El  Nino  events  (e.g.,  1951,  1953,  1957,  1963,  1965,  1969,  1972)  is  seen  by 
examination  of  this  figure . 

The  divergence  field  for  each  season  was  subjected  to  empirical  orthogonal 
function  (EOF)  analysis.  Explained  variances  by  EOF  number  are  seen  in  Table  1. 
The  analyses  showed  that  15  to  18  percent  of  the  total  variance  was  accounted  for 
by  the  first  function.  Monte  Carlo  testing  indicated  that  at  least  six  EOF's 
probably  represent  a  climatic  signal.   Figures  4  and  5  show  an  analysis  of  the 
spatial  coefficient  pattern  for  E0F1  in  winter  and  summer,  respectively.  These 
patterns  appear  to  represent  mainly  the  north-south  gradient  of  divergence,  and 
therefore  their  amplitudes  mainly  represent  north-south  shifts  of  zones  of 
divergence,  especially  for  summer.   Zonal  coherence  is  also  indicated  over  the 
entire  eastern  tropical  Pacific,  especially  north  of  the  Equator  in  summer. 
A  more  complex  pattern  is  noted  in  winter.   The  time  varying  amplitudes  for 
E0F1  in  winter  and  summer  are  graphed  in  Figure  6. 

The  first  several  seasonal  trade  wind  divergence  EOF's  were  correlated 
with  each  of  15  seasonal  zonal  circulation  indices  at  700  mb  using  -4  to  +4  season 
lags.  The  domains  and  names  of  the  12  regional  zonal  indices  are  indicated  in 
Figure  7.  Each  of  the  three  additional  indices  used  cover  the  entire  hemisphere 
and  correspond  to  each  of  the  three  indicated  latitude  belts.  Figures  8-11 
show  contemporaneous  relationships  (0  season  lag)  between  trade  divergence 
E0F1  and  the  zonal  indices  for  each  season.  Only  a  few  correlation  coefficients 
were  determined  to  be  significant  at  the  5  percent  level  (indicated  by  under- 
lining of  the  values).  The  most  interesting  correlations  were  found  between 
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trade  divergence  E0F1  In  a  season  and  the  following  winter  season  zonal  indices. 

One -season  lag  relationships  for  autumn  trade  wind  E0F1  preceding  the 
zonal  indices  for  winter  is  shown  in  Figure  12.  Several  statistically 
significant  relationships  are  indicated.  Two-,  three-,  and  four-season  lag 
relationships  are  shown  in  Figures  13  -  15,  respectively.  Each  gives  relationships 
between  winter  zonal  indices  and  antecedent  trade  divergence  E0F1.  With  the 
exception  of  the  three-season  lag  relationship  (Figure  14),  each  map  shows 
many  significant  relationships  involving  the  Pacific,  North  American,  and 
Atlantic  sectors.  These  suggest  that  the  Pacific  trade  wind  field  may  be 
used  to  foreshadow  mid- and  high-latitude  circulation  regimes  in  winter  up  to 
four  seasons  in  advance.  An  advance  indication  of  winter  season  blocking  in 
the  North  Atlantic  and  North  Pacific  sectors  may  accrue  also. 

Figures  16  -  21  show  graphs  of  selected  correlation  functions  for  the 
relationships  between  trade  divergence  E0F1  and  zonal  indices  at  -A  to  +4 
season  lag.  Large  dots  on  the  graphs  indicate  relationships  deemed  significant 
at  the  5  percent  level.  These  serve  to  further  illustrate  that  most  of  the 
significant  correlations  occur  only  when  winter  zonal  circulation  is  involved 
in  such  a  way  that  trade  divergence  E0F1  leads  the  zonal  index.  Some  carry- 
over of  large  correlations  to  spring  zonal  circulation  is  also  noted.  Only 
apparently  random  relationships  were  seen  in  this  study  when  other  trade  wind 
EOF's  or  other  combinations  of  seasonal  zonal  indices  and  lag  amounts  were  used. 

The  determination  of  a  physical  explanation  for  the  correlations  cited 
is  proceeding. 
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Fig.   1.     Long-tern  mean  Pacific  trade  wind  divergence    (X1CT6  sec"1)   for  win 


ter   (1918-73). 
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h'ig.    2.      Long-term  mean  Pacific   trade  wind  divergence    (XIO-6  sec"1)   for  summer   (1918-73). 
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Fig.  3.  Time  versus  latitude  map  of  zonally  averaged  seasonal  Pacific  trade  wind  divergence 
anomaly  in  period  1949-7  3.  Isopleths  for  +2  units  (xlO-^  sec-1)  shown  as  solid  and 
-2  units  shown  as  dashed  have  been  extracted  from  a  fully  analyzed  map. 
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Table  1  .  Explained  variances  for  seasonal  Pacific  trade  wind  divergence  EOFs. 


EOF  No. 


Explained  Variance 


Summer 

Fall 

Winter 

Spring 

18 

15 

16 

18 

11 

13 

13 

12 
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10 

12 

10 
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Fig.   4.     Spatial  coefficient  pattern  for  winter  Pacific  trace  wind  divergence  E0F1. 
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Flg.    5.     Spatial  coefficient  pattern  for  summer  Pacific  trade  wind  divergence  E0F1  . 
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Fig.  6a.  Amplitudes  of  winter  Pacific  trade  wind  divergence  E0F1 
in  period  l^S^IT. 
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Fig.  6b.  Amplitudes  of  summer  Pacific  trade  wind  divergence  E0F1 
in  period  1948-72. 


Fig.  7.  Zonal  circulation  indices  at  700  mb  used  in  correlation  studies. 
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Fig.  8.  Distribution  of  correlation  coefficients  for  the  contemporaneous  relationship  between  winter 
Pacific  trade  wind  divergence  E0F1  and  zonal  indices  (0  season  lag). 


.03 


-.28 


Fig.   9.     Distribution  of  correlation  coefficients  for  the  contemporaneous  relationship  between  spring 
Pacific  trade  wind  divergence  E0F1  and  zonal  indices   (0  season  lag). 
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Fig. 10.  Distribution  of  correlation  coefficients  for  the  contemporaneous  relationship  between  summer 
Pacific  trade  wind  divergence  E0F1  and  zonal  indices  (0  season  lag).  ■ 


Fig. 11.  Distribution  of  correlation  coefficients  for  the  contemporaneous  relationship  between  autumn 
Pacific  trade  wind  divergence  E0F1  and  zonal  indices  (0  season  lag). 
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fig-  12.  Distribution  of  correlation  coefficients  for  the  relationship  between  autumn  Pacific  trade  wind 
divergence  E0F1  and  the  following  winter  zonal  indices  (1  season  lag). 
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f~IGi  13i  Distribution  of  correlation  coefficients  for  the  relationship  between  summer  Pacific  trade  wind 
divergence  E0F1  and  the  following  winter  zonal  indices  (2  season  lag). 
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Fig.  11.      Distribution  of  correlation  coefficients   for  the   relationship  between  spring  Pacific  trade  wind 
divergence  E0F1  and  the   following  winter  zonal  indices    (3  season  lag). 
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Fig.  15.  Distribution  of  correlation* coefficients  for  the  relationship  between  winter  Pacific  trade  wind 
divergence  EOF1  and  the  following  winter  zonal  indices  (1  season  lag). 
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Fig.  16 


Simple  correlations  for  autumn  Pacific  trade  wind  divergence 
E0F1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Pacific  polar  (55-70N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  autumn  Pacific  trade  wind  divergence 
tOFl  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Pacific  subtropical  (iO-J5N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  autumn  Pacific  trade  wind  divergence 
E0F1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Pacific  temperate  (35-55N)  zonal  index  by  1-4  seasons. 


Simrle  correlations  for  autumn  Pacific  trade  wind  divergence 
KOFI  leading  (positive  lag)  and  lagging  (negative  lag)  the 
North  American  temperate  (J5-b5N)  zonal  index  by  1-4  seasons. 


Fig.  17. 


Simple  correlations  for  autumn  Pacific  trade  wind  divergence 
E0F1  leading  (positive  Ian)  and  lagging  (negative  lag)  the 
North  American  subtropical  U0-J5N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  autumn  Pacific  trade  wind 
divergence  EOF1  leading  (positive  lag)  and  lagging 
(negative  lag)  the  Atlantic  temperate  (35-55N)  zonal  index 
by  1-4  seasons. 
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Simple  correlations  for  autumn  Pacific  trade  wind  divergence 
E0F1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Atlantic  polar  (55-70N)  zonal  index  by  1-4  seasons. 
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Fig.  18 


Simple  correlations  for  summer  Pacific  trade  wind  divergence 
hOFl  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Pacific  polar  (55-70N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  summer  Pacific  trade  wind  divercence 
EUF1  leadinG  (positive  lag)  and  lagging  (negative  lag)  the 
North  American  temperate  (35-b5N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  summer  Pacific  trade  wind  divergence 
E0F1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Pacific  temperate  (35-55N)  zonal  index  by  1-4  seasons. 


Simpia  correlations  for  summer  Pacific  trade  wind  divergence 
E0F1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
North  American  subtropical  U0-J5UI   zonal  index  by  1-4  seasons.1 


Fig.  19 


Simple  correlations  for  summer  Pacific  trade  wind  divergence 
E0F1  leading  (positive,  lag)  and  lagging  (negative  lag)  the 
Atlantic  temperate  U5-55N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  summer  Pacific  trade  wind  divergence 
E0F1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Atlantic  polar  (Z0-J5N)  zonal  index  by  1-4  seasons. 
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Fig.  20. 


Simple  correlations  for  winter'  Pacific  trade  wind  divergence 
EOF1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Pacific  polar  (55-70N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  winter  Pacific  trade  wind  divergence 
E0F1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
North  American  temperate  (35-55N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  winter  Pacific  trade  wind  divergence 
EOt'l  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Pacific  temperate  (35-55N)  zonal  index  by  1-4  season.s. 


Simple  correlations  for  winter  Pacific  trade  wind  divergence 
EOrl  leading  (positive  lag)  ana  lagging  (negative  lag)  the 
North  American  subtropical  120-35N)  zonal  index  by  1-4  season 


Fig.  21. 


Simple  correlations  Tor  winter  Pacific  trade  wind  divergence 
tOFl  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Atlantic  polar  (55-70N)  zonal  index  by  1-4  seasons. 


Simple  correlations  for  winter  Pacific  trade  wind  divergence 
EOF1  leading  (positive  lag)  and  lagging  (negative  lag)  the 
Atlantic  temperate  (35-55N)  zonal  index  by  1-4  seasons. 
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On  the  Influence  of  Warm  Equatorial  Conditions  in  the  Central  Pacific 
on  Climatic  Patterns  in  the  United  States:  1977-80 

Arthur  V.  Douglas 
Climate  Research  Group 
Scripps  Institution  of  Oceanography 
La  Jolla,  California  92093 


Over  the  past  three  winters,  precipitation  in  the  Southwest  has  averaged 
up  to  300%  of  normal  (Figure  1) .   Each  year  the  heavy  rains  and  mountain 
snows  began  in  January  and  lasted  into  March,  with  the  strongest  departures 
being  located  near  the  lower  Colorado  River  valley.   The  average  700-mb 
height  departures  for  January  through  March  of  these  years  indicate  that  the 
eastern  North  Pacific  was  characterized  by  strong  troughing  (Figure  2) . 
During  this  period  the  anomalous  700-mb  flow  pattern  into  the  Southwest  was 
from  the  eastern  tropical  Pacific.   An  examination  of  satellite  film  loops 
indicates  that  a  number  of  the  heavy  precipitation  events  were  associated 
with  tropical  cloud  masses  moving  northeastward  from  the  central  equatorial 
Pacific. 

Over  the  past  few  years  heavy  rainfall  events  in  the  central  equatorial 
Pacific  have  been  recorded  by  stations  indicated  in  Figure  3.   Composite 
700-mb  height  anomaly  maps  for  wet  and  dry  periods  at  these  equatorial 
stations  are  shown  in  Figure  4.   High  rainfall  index  years  (El  Nino  years) 
show  strong  troughing  in  the  eastern  North  Pacific  (Figure  4)  and  this 
700-mb  pattern  is  remarkably  similar  to  that  of  the  past  three  winters 
(Figure  2) .   A  plot  of  rainfall  at  Fanning  Island  (Figure  5)  clearly  in- 
dicates that  the  past  three  years  have  been  relatively  wet  in  the  central 
equatorial  Pacific,  but  these  anomalies  have  not  approached  those  of  "true" 
El  Nino  years  (e.g.,  1972-73  and  1976-77). 

While  the  eastern  equatorial  Pacific  was  not  particularly  warm  during 
this  past  wet  winter  (Figure  6) ,  the  extreme  eastern  tropical  Pacific  was 
unusually  warm.   The  SST  anomaly  pattern  in  Figure  6  is  very  similar  to  that 
found  in  past  El  Nino  winters  (e.g.,  1957-58  and  1976-78).   In  fact,  the 
past  three  winters  have  been  characterized  by  this  pattern  of  cold  waters 
in  the  central  North  Pacific  and  warm  waters  in  the  eastern  tropical  Pacific. 
Satellite  data  reveal  a  strong  subtropical  jet  stream  in  the  eastern  North 
Pacific  in  March  1980,  with  a  band  of  cloudiness  extending  northeastward 
into  Baja  California  (Figure  7) .   The  subtropical  jet  stream  and  attendant 
cloud  bands  crossed  the  warmest  water  off  Baja  California  (Figures  6  and  7) . 
This  is  in  contrast  to  an  anti-El  Nino  case,  March  1976,  when  the  subtropical 
jet  stream  was  located  in  a  similar  position  but  when  warm  water  conditions 
and  advection  of  tropical  moisture  were  not  apparent  across  the  extreme 
eastern  North  Pacific  (Figures  8  and  9) . 

The  average  700-mb  height  departures  for  the  falls  preceding  the  heavy 
precipitation  events  are  shown  in  Figure  10.   The  anomalies  depicted  in  this 
figure  are  not  significant, indicating  that  diagnosis  of  the  upcoming  rains 
was  probably  not  possible  using  700-mb  data.   However,  the  SST  departures 
in  the  falls  preceding  the  heavy  rains  were  more  persistent  (Figure  11) . 
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Based  on  correlation  analysis,  the  observed  fall  SST  patterns  foreshadowed 
abnormal  lowering  of  700-mb  heights  in  the  eastern  North  Pacific:  cold 
central  Pacific  waters  in  the  fall  indicating  below  normal  heights  in 
winter  and  above  normal  SST's  near  30°N/140°N  being  indicative  of  below 
normal  700-mb  heights  in  the  subsequent  winter  months  (upper  map  Figure  11) . 
The  SST  anomaly  pattern  during  the  past  three  falls  is  typified  by  enhanced 
baroclinicity  in  the  eastern  North  Pacific — a  pattern  which  would  be  trans- 
ferred to  the  overlying  atmosphere,  whereby  storms  approaching  from  the 
southwest  might  intensify  before  striking  land.   Part  of  the  intensification 
process  included  the  advection  of  warm  moisture  air  ahead  of  the  storms  as 
illustrated  in  Figure  7.   The  SST  departure  prior  to  and  near  the  end  of 
the  heavy  rainfall  events  indicate  an  intensification  of  the  SST  gradients 
during  the  winter.   While  strong  interaction  between  the  tropics  and  mid- 
latitudes  in  1976  probably  resulted  in  the  initiation  of  the  current  SST 
pattern,  the  perpetuation  of  the  anomalous  SST  pattern  appears  strongly 
linked  to  events  in  the  North  Pacific  during  the  winters  of  1978,  1979, 
and  1980. 
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FIGURE  CAPTIONS 


Figure  1.    Percentage  of  normal  precipitation,  January  through  March  1978, 
1979,  and  1980.   Departures  are  based  on  long  term  means  1941-70. 

Figure  2.   Average  700- mb  height  departures  for  the  period  January  through 
March  of  1978,  1979,  and  1980.   Note  the  anomalous  southwest  flow 
into  the  West  Coast  from  the  eastern  Tropical  Pacific. 

Figure  3.    Location  of  the  central  equatorial  Pacific  Islands  with  long 
term  rainfall  records.   Heavy  rainfall  at  the  islands  are  often 
associated  with  El  Nino  events  off  South  America.   A  typical  loca- 
tion for  the  200-mb  jet  is  indicated  based  on  satellite-derived 
winds. 

Figure  4.   Composite  700-mb  height  departure  maps  for  years  with  high  rain- 
fall or  low  rainfall  at  the  islands  indicated  in  Figure  3.   High 
rainfall  years  are  generally  associated  with  El  Nino  conditions. 
Note  the  strong  similarity  between  the  upper  map  and  Figure  2. 

Figure  5.    Percentage  of  the  median  precipitation  for  Fanning  Island, 
1970-1980.   Note  the  heavy  rainfall  events  during  the  falls  and 
winters  (circled  values)  of  two  recent  El  Nino  years,  1972-73  and 
1976-77. 

Figure  6.    Sea  surface  temperature  departures  for  March  1980  based  on  the 

long  term  mean  of  1947-72.   Note  the  near  normal  conditions  along  the 
Equator  and  anomalously  strong  gradient  in  the  eastern  North  Pacific 
between  130 °W  and  150 °W. 

Figure  7.   Outgoing  long-wave  radiation  for  March  1980,  with  200-mb  jet 

maximum  indicated  by  arrows.   In  the  tropics  lowest  values  indicate 
region  of  cloudiness. 

Figure  8.    Sea  surface  temperatures  for  March  1976  based  on  the  long  term 
mean  of  1947-76.   Note  the  cold  water  along  the  Equator  an<^  reversal 
of  gradients  in  the  North  Pacific  compared  to  March  1980  (Figure  6) . 

Figure  9.  Outgoing  long-wave  radiation  for  March  1976.  Note  the  decreased 
cloud  activity  in  the  eastern  tropical  Pacific  and  central  equatorial 
Pacific  compared  to  March  1980  (Figure  7) . 

Figure  10.   Average  700-mb  height  departures  for  the  Falls  of  1977,  1978,  and 
1979.   Anomalies  are  based  on  the  long  term  means  1947-72. 

Figure  11.   Upper  map  shows  the  correlation  between  North  Pacific  SST's  in 
fall  and  subsequent  700-mb  height  departures  in  winter.   Bottom  map 
shows  the  average  SST  departures  for  the  falls  of  1977,  1978,  and  1979. 
Visual  inspection  of  the  two  charts  would  indicate  below  normal  heights 
would  have  been  expected  from  45°N/160°W  to  30°N/135°W  in  the  winters 
of  1977,  1978,  and  1979. 
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Figure  12.  Average  SST  departures  for  December  1977,  1978,  and  1979.  These 
Decembers  were  relatively  storm  free  in  the  Southwest. 

Figure  13.  Average  SST  departures  for  March  1978,  1979,  and  1980.  Note  the 
strengthening  of  the  SST  anomalies  and  gradients  in  the  eastern  North 
Pacific. 
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THE  RESPONSE  OF  THE  ATMOSPHERIC  BOUNDARY  LAYER 
TO  SEA  SURFACE  TEMPERATURE  ANOMALIES 

Si ri  Jodha  Singh  Khalsa* 
CIRES  Climate  Program 
NOAA/ERL 
Boulder,  Colorado  80303 

The  atmospheric  boundary  layer  (ABL)  is  the  interface  between  the 
ocean  and  the  rest  of  the  atmosphere;  it  is  through  this  layer  that  all 
interactions  between  these  two  systems  must  take  place.  The  lack  of  a 
clear  understanding  of  the  mechanisms  behind  large  scale  "teleconnections" 
and  the  failure  of  GCM's  to  realistically  reproduce  observed  atmospheric 
responses  to  sea  surface  temperature  anomalies  (SSTA's)  point  to  the 
need  for  a  better  understanding  of  the  ABL  in  its  role  as  intermediary 
between  the  ocean  and  the  large  scale  atmospheric  flow. 

We  have  been  examining  the  data  in  the  1972-1973  El  Nino  atlas 
produced  at  the  University  of  Hawaii.  The  26  months  of  data  encompass  a 
major  El  Nino  event  and  the  anti  El  Nino  (cold  equatorial  waters)  which 
followed.  The  area  covered  by  the  atlas  is  the  coastline  of  the  Americas 
to  the  date  line  and  30°S  to  20°N. 

In  Figure  1  zonal  averages  of  latent  plus  sensible  heat  flux  from 
the  ocean  surface  (computed  with  the  bulk  aerodynamic  method),  sea 
surface  temperature,  and  surface  wind  speed  are  plotted  as  difference 
values,  August  1972  minus  August  1973.  In  zone  1  (dateline  to  150  W) 
and  zone  2  (150  W  to  120  W)  positive  SST  differences  on  the  Equator  are 
due  to  positive  SST  anomalies  during  the  El  Nino  year  and  negative 
SSTA's  in  the  anti  El  Nino  year.  The  warm  water  off  South  America 
during  El  Nino  is  evident  in  zone  3  (120  W  to  the  Americas). 

The  behavior  of  estimated  latent  plus  sensible  heat  flux,  QT, 
relative  to  SST  is  different  for  all  three  longitude  zones  in  Figure  1.  In 
zone  1  Q-r  difference  is  negative  almost  everywhere  that  the  SST  difference 
is  positive.   In  zone  2  the  QT  and  SST  maxima  coincide  at  the  Equator. 
In  zone  3  the  QT  difference  is  also  positive  almost  everywhere  but  north 
of  10  S  the  two  curves  show  no  correlation. 

Wind  speed  accounts  for  the  behavior  in  zone  1.  There  a  negative 
wind  speed  difference  results  in  a  negative  Q-r  difference.   In  zone  2 
the  wind  speeds  were  the  same  in  the  2  months  so  SST  exerted  the 
dominant  influence.   In  zone  3  the  wind  speed  difference  is  near  zero 
from  15  S  to  5  N  and  thus  cannot  account  for  the  sharply  lower  QT 
difference  in  the  vicinity  of  2.5  N. 

To  fully  understand  the  behavior  of  0,  it  is  necessary  to  examine 
the  upstream  history  of  the  air  flow.  In  Figure  2a  it  can  be  seen  that 
the  southeaster! ies  off  the  South  American  coast  flow  over  steadily 
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increasing  SST.  In  1972  (Figure  2b)  the  southeaster"! ies  which  eventually 
cross  the  Equator  in  zone  1  pass  over  a  broad  region  of  cool  water.  In 
passing  over  this  region  the  air-sea  differences  in  temperature  and 
humidity,  AT  and  A q, become  small.  As  the  flow  crosses  the  Equator,  it 
encounters  a  sharp  rise  in  SST.  AT  and  Aq  increase  sharply  producing 
values  of  Qj  which  exceed  those  for  the  same  region  in  1972, although  in 
1973  SST  was  2  C  lower.  A  similar  analysis  of  zone  2  shows  that  in  1972 
the  Qj  maximum  was  on  the  Equator  where  the  SST  gradient  was  largest } 
although  the  highest  SST  was  to  the  north.  Again,  north  of  the  Equator 
there  is  a  point  where  QT  is  larger  in  1973.,  although  the  SST  is  cooler 
by  2  C  compared  with  1972. 

The  most  common  assumption  concerning  the  manner  in  which  positive 
equatorial  SSTA's  are  able  to  affect  large  scale  atmospheric  circulations 
is  that  they  produce  enhanced  convection.  Highly  reflective  cloud  (HRC) 
has  been  shown  to  be  a  good  indicator  of  rainfall  over  the  tropical 
oceans.  In  Figure  3b  HRC  and  SST  differences  are  plotted  for  the  same 
months  as  in  Figure  1.  Little  correspondence  is  seen.  By  contrast 
Figure  3a  shows  a  generally  good  agreement  between  HRC  and  surface  wind 
convergence  (-V*V).  An  examination  of  the  individual  months  revealed 
that  SST  and  HRC  maxima  coincided  nearly  perfectly.  The  maxima  in  zones 
1  and  2  of  Figure  3a  are  offset  because  surface  wind  was  divergent  along 
the  Equator  in  1973.  Figure  4a_provides  another  striking  example  of  the 
correlation  between  HRC  and  -V»V. 

Work  currently  in  progress  involves  following  streamlines  from  the 
trades  into  the  convergence  zone  while  recording  changes  in  winds, 
fluxes,  precipitation,  SST  and  other  parameters  along  the  path.  Hopefully 
this  will  provide  additional  insights  into  the  question  of  what  determines 
the  observed  patterns  of  fluxes  and  precipitation.  The  goal  is  to 
provide  a  basis  for  more  realistic  modelling  of  the  atmospheric  response 
to  equatorial  SSTA's. 


*NRC  Research  Associate 
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Figure  1.  Latent  plus  sensible  heat  flux,  surface  wind  speed,  and  sea  surface  temperature 
zonally  averaged  and  expressed  as  differences  between  August  1972  and  August  1973. 
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Figure  2.  Surface  wind  streamlines  and  sea  surface  temperature 
isotherms  for  a)  August  1972  and  b)  August  1973. 
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Figure  3.  Highly  relective  cloud  frequency  compared  with: 

a)  surface  wind  convergence  (-V»V),  and  b)  sea  surface  temperature, 

differenced  for  the  same  months  as  in  figure  1. 
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Figure  4.  Same  as  Figure  3  except  for  January  1972  (pre  el  Nino) 
minus  January  1973  (el  Nino). 
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Droughts  in  Northeast  Brazil 

A.  D.  Moural  and  J.  Shukla 
Goddard  Laboratory  for  Atmospheric  Sciences 
NASA/GSFC,  Greenbelt,  Maryland  20771  USA 


It  is  proposed  that  a  possible  mechanism  for  the  occurrence  of  severe 
droughts  over  northeast  Brazil  is  the  establishment  of  a  thermally  direct 
local  circulation  which  has  its  ascending  branch  at  about  10°N  and  its  de- 
scending branch  over  northeast  Brazil  and  adjoining  oceanic  region.  The 
driving  for  this  anomalous  circulation  is  provided  by  warming  due  to  en- 
hanced moist  convection  associated  with  warmer  sea  surface  temperature 
anomalies  over  the  northern  tropical  Atlantic,  and  cooling  associated  with 
colder  sea  surface  temperature  anomalies  in  the  southern  tropical  Atlantic. 
The  combined  effects  of  thermally  forced  subsidence  and  reduced  evaporation 
and  moisture  flux  convergence  produce  severe  drought  conditions  over  north- 
east Brazil . 

We  have  examined  the  monthly  mean  sea  surface  temperature  anomalies  over 
tropical  Atlantic  and  rainfall  anomalies  over  two  selected  stations  (Fortaleza, 
3°46,S,38°3TW  and  Quixeramobim,  5°12' S,  39°18'W)  for  25  years  (1948-1972). 
Figure  1  shows  the  correlation  between  March  SST  anomalies  and  normalized 
rainfall  departures.   It  is  found  that  the  most  severe  drought  events  are 
associated  with  the  simultaneous  occurrence  of  warm  sea  surface  temperature 
anomalies  over  north  and  cold  sea  surface  temperature  anomalies  over  south 
tropical  Atlantic.  Simultaneous  occurrences  of  warm  sea  surface  temperature 
anomaly  at  15°N,  45°W  and  cold  sea  surface  temperature  anomaly  at  15°S,  5°W 
were  always  associated  with  negative  anomalies  of  rainfall,  and  vice  versa. 
This  is  illustrated  in  Fig.  2  which  presents  the  25-year  rainfall  deviations 
plotted  as  a  function  of  SST  anomaly  in  the  15°N,  45°W  area  (abcissa)  and 
the  mean  of  SST  anomalies  in  the  15°S,  5°W  and  5°S,  25°W  areas  (ordinate). 
These  areas  contain  the  highest  correlation  coefficients.  It  is  striking 
that  in  the  lower  right  quadrant  of  Fig.  2  all  the  rainfall  departures  are 
negative  with  the  highest  values  being  farthest  away  from  the  origin.  In 
the  upper  left  quadrant  all  rainfall  departures  are  positive.  Looking  at 
the  actual  monthly  mean  SST  anomaly  maps  for  extremely  dry  and  extremely  wet 
years  in  northeast,  we  find  that  the  composite  SST  patterns  seem  to  appear 
also  on  an  individual  basis  (droughts  in  1951,  1953,  1958  and  wet  years  in 
1964,  1967). 

A  simple  primitive  equation  model  was  also  used  to  calculate  the  fric- 
tionally  controlled  and  thermally  driven  circulation  due  to  a  prescribed 
heating  function  in  a  resting  atmosphere.  The  heating  function  was  designed 
to  simulate  a  heat  source  to  the  north  and  a  heat  sink  to  the  south  of  the 
Equator.   This  prescribed  thermal  forcing  produced  a  thermally  direct  circula- 
tion with  ascending  motion  to  the  north  and  descending  motion  to  the  south. 
The  analytical  solutions  agreed  well  with  the  results  of  numerical  experiments 
carried  out  with  a  multilevel  global  general  circulation  model. 


1  Permanent  affiliation:  Instituto  de  Pesquisas  Espaciais,  CNPq/INPE, 
Sao  Jose  dos  Campos,  Sao  Paulo,  Brazil. 
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We  have  also  carried  out  a  series  of  numerical  experiments  to  test  the 
sensitivity  of  the  GLAS  (Goddard  Laboratory  for  Atmospheric  Sciences)  model 
to  prescribed  sea  surface  temperature  anomalies  over  tropical  Atlantic. 

The  model  was  first  integrated  for  90  days  with  climatological  sea  sur- 
face temperature.  The  initial  conditions  were  taken  from  the  observations 
of  January  1,  1975.  Then  the  SST  anomaly  shown  in  Fig  3  was  superimposed 
over  the  climatological  sea  surface  temperature^ and  the  SST  anomaly  was 
assumed  to  be  constant  for  90  days.  Starting  from  the  atmospheric  initial 
conditions  identical  to  the  first  run,  the  model  was  integrated  again  for  90 
days.  We  would  refer  to  these  two  integrations  as  the  'control  run'  and 
the  'anomaly  run',  respectively. 

Figure  4  shows  the  15-day  running  mean  time  series  of  daily  rainfall 
averaged  over  the  areas  A  and  B  (shown  in  Figure  3)  for  control  and  anomaly 
runs.  Although  the  spatial  resolution  is  not  adequate  to  resolve  small  scale 
phenomena,  the  natural  variability  of  the  model  shows  spatially  inhomogeneous 
structure  and  therefore  it  is  necessary  to  average  the  daily  rainfall  over 
sufficiently  large  spatial  areas.  Area  B  contains  the  northeast  Brazil  region 
and  the  neighboring  oceans  with  colder  SST  anomaly.  Area  A  includes  the  re- 
gion of  warm  SST  anomaly.  The  rainfall  over  area  A  increases  due  to  warm  SST 
anomaly  and  shift  of  ITCZ  from  area  B  in  the  control  run  to  area   A  in  the 
anomaly  run.  In  the  anomaly  run  the  mean  rainfall  in  area  A  remains  larger 
than  the  control  run  for  all  the  90  days.  The  rainfall  in  control  and  anomaly 
runs  is  comparable  for  the  first  10  days,  but  for  days  20-60,  the  anomaly  run 
has  less  rainfall  than  the  control  run.  Although  60-day  or  90-day  mean  rain- 
fall for  area  B  is  smaller  for  the  anomaly  run  compared  to  the  control  run, 
the  difference  is  not  systematic  after  60  days.   Internal  model  adjustments 
make  the  two  rainfll  series  indistinguishable  during  days  60-90. 

Figure  5  shows  the  60-day  mean  rainfall  differences  between  the  anomaly 
and  the  control  run.  The  differences  were  smoothed  by  a  5-point  smoother 
except  along  2°N  and  2°S  where  no  averaging  was  done  across  the  latitudes. 
There  is  a  clear  increase  in  the  rainfall  over  warm  SST  anomalies  to  the  north 
and  decrease  in  the  rainfall  over  cold  SST  anomalies  to  the  south.  Most  of 
the  northeast  Brazil  region  shows  a  decrease  in  the  rainfall.  Although  the 
maximum  reduction  of  the  rainfall  occurs  over  the  oceans  adjacent  to  northeast 
Brazil,  the  differences  over  the  land  are  large  enough  to  support  the  basic 
proposed  mechanism.  Although  there  is  not  sufficient  observed  rainfall  data 
over  the  oceans  to  document  this  phenomena,  it  is  our  conclusion,  based  on 
these  numerical  and  analytical  results,  that  the  drought  over  northeast  occurs 
in  association  with  a  reduction  in  the  rainfall  over  a  larger  region  adjacent 
to  northeast  Brazil.  An  increase  in  the  rainfall  over  northern  South  America, 
in  association  with  droughts  over  northeast,  is  consistent  with  earlier  obser- 
vational findings. 

Figure  6  shows  the  difference  of  the  first  60-day  mean  meridional  cir- 
culation averaged  between  50°W  and  5°E.  The  anomalous  meridional  circulation 
shows  an  ascending  branch  with  maximum  vertical  motions  between  5°  and  10°N 
and  a  descending  branch  to  the  south  of  Equator.   It  is  this  descending  mo- 
tion over  northeast  Brazil  region  which  is  one  of  the  most  important  factors 
in  producing  the  drought.  We  have  not  explained  here  that  why  a  SST  anomaly 
over  north  Atlantic  produces  a  meridonal  circulation  whose  scale  is  about 
2000  km,-  however,  it  is  comparable  to  the  Rossby  radius  of  deformation  for 
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equatorial  motions.   Descending  motion  to  the  south  of  Equator  reduces  the 
vertically  integrated  moisture  flux  convergence,  which,  coupled  with  reduc- 
tion in  evaporation  over  the  ocean,  reduces  rainfall  in  northeast  Brazil  re- 
gion. 

This  study  suggests  that  the  SST  anomalies  in  low  latitudes  can  change 
the  large  scale  Hadley-and  Walker-type  circulations  which  are  otherwise  stable 
with  respect  to  dynamic  instabilities.   It  can  be  speculated  that  the  inter- 
annual  variability  of  the  location  and  intensity  of  the  subtropical  highs  can 
be  related  to  the  variability  of  the  tropical  heat  sources. 

Figure  7  shows  the  differences  between  the  anomaly  run  and  the  control 
run  for  30-day  mean  geopotential  heights  at  850  mb.  The  difference  field  has 
similar  structure  at  500  mb  and  300  mb,  suggesting  the  barotropic  nature  of 
response.  The  natural  variability  of  monthly  means  during  the  northern  hemi- 
spheric winter  is  usually  larger  at  middle  latitudes;  however  the  observed 
changes  are  larger  than  the  natural  variability  of  the  model.  These  results 
seem  to  confirm  the  earlier  suggestions  that  extratropical  general  circulation 
in  Atlantic  may  be  related  to  tropical  variability.  The  present  study  suggests 
that  the  tropical  heat  sources  are  the  primary  driving  mechanisms  for  the  ob- 
served teleconnections. 

Since  the  sea  surface  temperature  anomalies  over  tropical  Atlantic  per- 
sist for  several  months.  (Fig.  8),  the  proposed  mechanism  could  provide  guidance 
for  predicting  droughts  over  northeast  Brazil. 
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Fig  1. 


Correlation  coefficients  between  sea  surface  temperature  over  Atlantic 
and  average   rainfall    for  Fortaleza   and  Qulxeramoblm. 
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F1g  Z.  Average  of  March,  April,  May  rainfall  departures  (mm)  at  Fortaleza 
and  Qulxeramoblm  1n  relation  to  SST  anomaly  at  15°N,  45°W  (abslssa) 
versus  average  of  SST  anomaly  at  15°S,  5°W  and  5°S,  25°W  (ordinate) 
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Fig  3.   Sea  Surface  temperature  anomaly  (°c)  for  the  anomaly  run.  Thick 
lines  enclose  area  A  (upper)  and  area  B  (lower). 
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Fig  4.       15  day  running  mean  of  dally  rainfall    (mm/day)  for  upper  (area  A) 
and  lower  (area  B)  areas. 
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Fig  5.       Difference  (anomaly-control)  of  60  day  mean  rainfall   (mm/day). 
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Fig  6.      Difference  of  60  day  mean  meridional  circulation  (1013gm/sec) 
averaged  between  the   longitudes  50°W  and  5°W. 
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F1g  7.       Differences  (anomaly- control)  of  30  day  mean  geopotentlal  height  (gpm) 
at  850  mb. 
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Fig  8.       Lag  correlation  function  for  monthly  mean  SST  anomaly  at  15*S.  5"W 
and  15%  a.S'W. 
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Relation  of  Ocean  Currents  to  Wind 
in  the  Southern  Hemisphere 


Richard  B.  Wearn,  Jr.  and  D.  James  Baker,  Jr. 

Applied  Physics  Laboratory  and  Department  of  Oceanography 

University  of  Washington 

Seattle,  Washington  98195 

The  recent  work  of  Namias  and  Fletcher  has  shown  that  changes  in 
the  sea  surface  temperature  distribution  are  associated  with  climate 
fluctuations  on  interannual  and  interdecadal  time  scales,  and  there  is  a 
suggestion  in  the  data  that  processes  at  high  southern  latitudes  may 
play  some  special  role  in  the  changes  which  occur.  These  results  have 
stimulated  interest  in  understanding  what  processes  affect  the 
distribution  of  ocean  properties.  However,  we  do  not  yet  have 
information  about  what  changes  in  currents  or  deep  ocean  properties 
(e.g.  heat  storage)  may  be  associated  with  the  observed  climate  changes. 

The  Southern  Ocean  plays  a  central  role  in  the  world  ocean.  The 
major  exchanges  between  ocean  basins  occur  there,  and  large  heat 
exchanges  between  ocean  and  atmosphere  lead  to  formation  of  water  masses 
which  dominate  the  deep  water  properties  of  much  of  the  world  ocean. 
The  strong  Southern  Hemisphere  westerlies  drive  the  largest  of  all  ocean 
current  systems,  the  Antarctic  Circumpolar  Current  (ACC) .  This  current 
system  forms  the  boundary  between  Antarctic  surface  waters  and  warmer, 
more  northern  waters. 

We  have  begun  a  program  to  monitor  the  strength  of  the  Antarctic 
Circumpolar  Current  and  to  determine  how  it  is  related  to  wind  and  other 
atmospheric  forcing. 

Figure  1  shows  the  dynamic  height  of  the  sea  surface  relative  to 
1000  dbar  calculated  from  mean  hydrographic  data.  The  contours  shown 
correspond  approximately  to  streamlines  of  mean  surface  geostrophic 
flow. 

Fluctuations  in  strength  of  the  ACC  were  monitored  using  pressure 
gauges  at  500  m  depth  across  the  Drake  Passage  to  estimate  geostrophic 
downstream  flow. 

Wind  stress  over  the  Southern  Ocean  was  calculated  from  the  12 
hourly,  gridded,  sea-level  atmospheric  pressure  data  provided  by  the 
Australian  Bureau  of  Meteorology.  The  three-year  time  mean  of  the  zonal 
component  of  stress  is  shown  in  Fig.  2.  The  stress  is  large  compared 
with  those  occurring  elsewhere  over  the  world  ocean.  The  asymmetry  in 
the  stress  distribution  arises  because  the  Antarctic  continent  is  not 
centered  on  the  pole.  The  wind  stress  maxima  occur  near  50°  S  in  the 
Indian  Ocean  sector. 

264 


A  comparison  of  the  wind  stress  and  pressure  gauge  measurements 
across  the  ACC  is  shown  in  Fig.  3.  Data  have  been  low-passed  with  a 
28-day-running  mean  filter.  A  time  series  of  the  zonal  component  of 
wind  stress  averaged  over  the  latitude  band  from  45°  S  to  63°  S  is 
shown.  Considerable  seasonal  and  interannual  variability  is  seen.  The 
pressure  gauge  measurement  at  the  north  and  south  sides  of  the  Drake 
Passage  are  shown  with  tides  removed.  The  observed  fluctuations  in  the 
pressure  difference  across  the  passage  correspond  to  barotropic 
transport  fluctuations  of  80  x  10"mJs   ,  or  about  65%  of  the  estimated 
mean  transport  of  the  ACC.  A  strong  similarity  between  wind  stress  and 
pressure  gauge  signals  is  seen. 

Figure  4  shows  the  lagged  cross-correlation  between  the  circumpolar 
averaged  wind  stress  and  ACC  transport  and  between  the  local  Drake 
Passage  wind  stress  and  ACC  transport.  Transport  fluctuations  with 
periods  longer  than  30  days  are  highly  correlated  with  fluctuations  in 
zonal  wind  stress  integrated  over  the  Southern  Ocean,  with  transport 
lagging  wind  by  about  9  days.  The  rapid  response  means  that  transport 
fluctuations  observed  are  largely  barotropic.  The  magnitude  and  time 
lag  of  these  fluctuations  are  consistent  with  the  rate  at  which  momentum 
is  supplied  to  the  current  system  by  the  wind. 

We  have  demonstrated  that  ocean  pressure  gauges  are  useful  tools 
for  monitoring  fluctuations  of  the  ACC.  However,  we  do  not  yet  know  how 
these  fluctuations  may  be  related  to  climate.  For  example,  do  changes 
in  strength  of  the  ACC  cause  changes  in  the  distribution  of  sea  surface 
temperature?  Also,  we  do  not  yet  know  what  the  relation  between  wind 
and  transport  may  be  over  longer  time  scales,  when  the  barocllnic 
response  of  the  ocean  may  become  more  important  * 
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Figure  3.  Low-passed  ocean  pressure  gauge  and  wind  data.  Data  have  been  detided  and  low- 
passed  with  a  28-day  running  mean  filter.  Psouth  is  shown  inverted. 
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Figure  4.   Crosscorrelations  between  circumpolar  wind  stress 
and  Pnorth-Psouth  and  between  Drake  Passage  wind 
stress  and  Pnorth-Psouth. 
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A  First  Estimate  of  the  Annual  Variation  of  Atlantic  Ocean  Heat  Transport 

Peter  J.  Lamb 
Cooperative  Institute  for  Marine  and  Atmospheric  Studies 
The  University  of  Miami/NOAA,  Miami,  Florida,  33149 

and 
Climatology  Section*,  Illinois  State  Water  Survey 
Champaign,  Illinois,  61820 

The  latitudinal  variation  of  the  "vertically  integrated  net  meridional  heat 
transport  (VINMHT)"  within  the  North  and  Tropical  Atlantic  Ocean  (70°N-20°S, 
including  the  Gulf  of  Mexico  and  Caribbean  Sea)  is  estimated  on  a  bimonthly 
average  basis.   Previous  investigations  of  the  VINMHT  by  individual  oceans  have 
been  restricted  to  an  annual  mean  time-scale,  due  to  the  lack  of  access  to  sub- 
surface temperature  data.   The  only  documentation  of  the  annual  cycle  of  oceanic 
VINMHT  hitherto  available  is  for  the  total  Northern  Hemisphere  water  body. 

The  present  bimonthly  estimates  of  the  Atlantic  VINMHT  were  obtained  using 
an  oceanic-residual  method.   The  divergence  of  the  VINMHT  for  each  latitude  zone 
was  obtained  as  the  difference  between  its  rates  of  net  surface  heat  gain  [taken 
from  computations  by  Bunker  (Woods  Hole  Oceanographic  Institution)  and  Hastenrath 
and  Lamb  (The  University  of  Wisconsin  Press,  1978)]  and  subsurface  heat  storage 
change  (estimated  from  ^234,000  temperature  soundings).   With  the  adoption  of 
near-zero  70°N  VINMHT  boundary  conditions  calculated  from  Aagaard  and  Griesman 
(JGR,  1975;  see  present  Table  1),  successive  southward  integration  converted 
these  divergence  values  into  VINMHT  estimates  for  latitude  circles  10°  apart 
between  60°-30°N  and  5°  apart  in  the  tropics.   The  results  appear  in  Table  1. 
Their  uncertainty  increases  southward  from  the  70°N  boundary,  due  to  the  computa- 
tional procedure  employed,  and  becomes  large  in  the  tropics.   This  is  also  docu- 
mented in  Table  1.   Because  of  uncertainty  about  the  representativeness  of  the 
sub-250m  annual  temperature  variations  evident  in  the  data  set  (only  54%  and  20% 
of  the  soundings  reached  300ra  and  500m,  respectively) ,  the  VINMHTs  were  computed 
using  storage  change  rates  integrated  over  both  the  upper  300m  and  upper  500m. 
Table  1  shows  that  the  two  sets  of  results  sometimes  varied  considerably,  which 
suggests  that  the  present  limitation  of  the  vertical  integration  to  the  upper  500m, 
due  to  the  lack  of  data  from  greater  depths,  may  constitute  a  further  source  of 
possible  error.   It  could  also  be  inherent  in  Oort  and  Vonder  Haar's  (JPO,  1976) 
monthly  mean  hemispheric  VINMHT  estimates,  which  are  partially  based  on  storage 
change  rates  computed  for  only  the  upper  275m. 

It  is  evident  from  Table  1  that  many  of  the  bimonthly  VINMHT  estimates 
possess  considerable  uncertainty.   This  requires  that  they  be  treated  with  some 
caution.   Table  1  suggests  that  northward  transports  may  prevail  throughout 
almost  all  of  the  study  region  during  January-October.   The  most  likely  area  of 
possible  occurrence  of  southward  VINMHTs  during  this  period  is  south  of  the 
Equator  in  May- June.   Substantial  variations  in  the  northward  VINMHT  are  indicated 
to  occur  between  January  and  October.   The  northward  flux  out  of  the  Northern  Tropics 
appears  to  be  strongest  during  July-October,  when  (particularly  in  September-October) 
the  northward  VINMHT  may  also  be  largest  at  20°S  and  the  Equator.   However,  the 
latter  result  is  much  less  certain  than  the  former  (Table  1) .   The  foregoing  pat- 
tern is  strongly  enhanced  for  September-October  when  the  storage  computations  are 
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extended  to  500m.   During  July-October,  the  northward  VINMHT  evidently  undergoes 
only  a  relatively  small  reduction  in  the  Northern  Tropics,  whereas  much  more 
pronounced  decreases  are  indicated  for  the  40°-50°N  (July-August)  and  30°-50°N 
(September-October)  zones.   May-June,  in  contrast,  appears  to  be  characterized 
by  a  northward  VINMHT  that  is  very  weak  at  20°S  and  the  Equator,  increases 
strongly  between  0°-15°N,  approaches  that  of  July-August  at  30°N,  and  then 
decreases  uniformly  to  50°N. 

A  particularly  prominent  March-April  result  is  the  pronounced  increase  in 
the  northward  VINMHT  suggested  to  occur  between  5°S  and  the  Equator  (Table  1) . 
This  converts  a  moderate  northward  flux  at  20°S  into  an  equatorial  one  comparable 
to  that  of  July-October.   During  this  bimonthly  period,  the  0°-5°S  zone  experiences 
both  a  moderate  positive  net  surface  heat  gain  and  pronounced  cooling  in  the  upper 
300m  of  the  water  body.   Table  1  indicates  a  progressive  decrease  of  the  March- 
April  transport  north  of  5°N.   In  contrast  to  the  remainder  of  January-October, 
the  extension  of  the  storage  change  estimates  to  500m  reduces  the  March-April 
northward  VINMHT.   Table  1  suggests  January- February  is  characterized  by  a  north- 
ward VINMHT  that  is  quite  small  at  20°S,  undergoes  a  moderate  increase  to  30°N, 
and  may  be  stronger  than  other  bimonthly  periods  at  50°  and  60°N.   The  latter 
feature,  along  with  the  VINMHT  relative  maximum  at  40°N,  arise  from  the  North 
Atlantic  having  a  maximum  negative  net  surface  heat  gain  between  30°-40°N  at  a 
time  when  its  cooling  is  strongly  concentrated  in  the  40°-50°N  zone.   However, 
the  comparative  lack  of  winter  subsurface  temperature  data  for  this  region  (only 
40%  of  summer  amount  between  40°-60°N)  may  render  the  foregoing  results  somewhat 
suspect. 

The  November-December  results  are  in  marked  contrast  to  those  for  the  rest 
of  the  year.   Table  1  suggests  that  the  VINMHT  may  be  directed  southward  through- 
out much  or  even  all  of  the  study  region  during  this  period,  and  could  show  a 
general  increase  in  this  direction  to  a  maximum  at  10°-20°S.   This  is  particularly 
indicated  by  the  estimates  derived  from  500m  storage  change  integrals,  which  have 
substantial  magnitude  south  of  40°N.   Much  weaker,  and  extremely  uncertain,  south- 
ward VINMHTs  were  yielded  by  the  300m  storage  change  calculations,  especially 
north  of  the  Equator  (Table  1).   The  pattern  of  the  November-December  results 
north  of  10°N,  that  of  southward  transports  increasing  towards  the  south,  arises 
from  the  oceanic  cooling  (particularly  when  estimated  to  500m)  exceeding  the 
negative  net  surface  heat  gain.   This  characterized  every  zone  except  30°-40°N 
(cf  Table  1).   The  tendency  for  the  foregoing  VINMHT  pattern  to  persist  south  of 
10°N  largely  results  from  positive  net  surface  heat  gains  coinciding  with  lesser 
oceanic  warming  or  oceanic  cooling. 

Although  the  November-December  results  in  Table  1  are  rather  surprising  and 
therefore  of  some  potential  interest,  there  are  several  reasons  why  they  should 
be  regarded  as  highly  tentative  at  present.   First,  there  does  not  appear  to  be 
a  fully  acceptable  rationale  for  the  southward  VINMHT  currently  available.   Further- 
'more,  the  higher  latitude  storage  change  estimates  for  cooler  months  may  be  ad- 
versely affected  by  having  a  lesser  data  base  than  those  for  the  rest  of  the  year. 
The  Bunker  net  surface  heat  gain  results  probably  also  contain  this  source  of 
possible  error.   As  explained  earlier,  the  method  used  here  renders  the  mid-  and 
low-latitude  VINMHTs  partially  dependent  on  the  more  northerly  estimates  of  the 
net  surface  heat  gain  and  subsurface  storage  change.   In  view  of  their  potential 
interest  and  considerable  uncertainty,  Table  l's  November-December  results  may 
serve  as  a  challenge  to  theoreticians  and  further  stimulus  for  the  planned  program 
to  directly  monitor  the  Atlantic  VINMHT  at  about  25°N. 
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Table  1  also  documents  the  latitudinal  variation  of  the  mean  annual 
Atlantic  VINMHT  computed  from  the  annual  average  net  surface  heat  gain.   These 
mean  annual  VINMHTs  are  very  similar  to  those  yielded  by  Table  l's  bimonthly 
values,  due  to  the  annual  average  storage  change  being  extremely  close  to  zero 
for  both  the  upper  300  and  500m.   Previous  investigations  of  the  annual  average 
Atlantic  VINMHT  did  not  have  access  to  either  or  both  of  the  present  superior 
sea-air  heat  exchange  data  sets.   The  mean  annual  pattern  in  Table  1  is  there- 
fore briefly  discussed  here.   The  annual  average  VINMHT  is  directed  northward 
throughout  the  study  region,  which  is  not  surprising  in  view  of  Table  l's  bi- 
monthly values.   It  increases  from  81  x  1013W  at  20°S  to  a  broad  5°-25°N  maximum 
of  111-115  x  10  W,  largely  due  to  substantial  enhancement  between  5°S  and  the 
Equator.   This  latter  feature  is  strongly  dictated  by  the  March-April  pattern 
(Table  1).   The  maximum  annual  average  VINMHT  occurs  at  15°N,  and  there  is  a 
pronounced  decrease  poleward  of  30°N,  especially  between  30°-40°N.   The  general 
pattern  of  these  results  does  not  appear  to  be  seriously  threatened  by  the 
possible  errors  involved  (Table  1) .   It  is  very  similar  to  that  recently  obtained 
by  Hastenrath  (JPO,  1980)  ,  whereas  earlier  work  variously  found  the  mean  annual 
VINMHT  to  have  a  northward  maximum  near  30°N,  weak  northward  or  near  zero  cross- 
equatorial  values,  and  a  southward  direction  throughout  almost  all  of  0°-20°S. 
From  40°N  southward,  however,  Hastenrath' s  northward  VINMHTs  are  40-60%  larger 
than  the  present  ones.   This  difference  appears  to  primarily  result  from  Hasten- 
rath 's  40°-50°N  net  surface  heat  gain  (taken  from  Budyko's  Atlas)  being  more 
negative  than  the  Bunker  value  used  here.   Budyko  failed  to  detect  the  warming 
of  the  Labrador  current  between  Nova  Scotia  and  Cape  Hatteras  identified  by 
Bunker  and  Worthington  (BAMS,  1976) .   The  present  annual  average  VINMHT  for  25°N 
(+113  x  10  W)  is  in  good  agreement  with  the  values  Bryden  and  Hall  (Science, 
1980)  recently  inferred  from  the  same  Bunker  data  set  (+111  x  10  W)  and  computed 
directly  from  oceanographic  measurements  (+110  ±  29  x  10  W) . 
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A  COMPARISON  OF  WINDS  AND  SST'S  FROM  FOUR  PACIFIC  MARINE  DATA  SETS 

Ellen  Steiner 

Cooperative  Institute  for  Research  in  Environmental  Sciences 

University  of  Colorado 
Boulder,  Colorado  80309 

The  proliferation  of  data  sets  for  use  in  climate  studies  is  making 
it  important  to  determine  whether  these  data  are  consistent.  I  have 
compared  the  four  wind  and  sea  surface  temperature  (SST)  data  sets 
listed  in  Figure  1.  The  data  were  interpolated  onto  comparable  grids 
and  time  series  were  plotted  for  select  areas.  The  locations  of  the 
grid  boxes  considered  in  this  discussion  are  seen  in  Figure  2.  Station  38 
was  chosen  because  it  lies  in  the  data-rich  region  on  the  shipping  lanes 
from  San  Francisco  to  Hawaii,  and  Station  97  was  chosen  because  of  its 
possible  importance  as  an  indicator  of  climatic  trends.1 

Figure  3  shows  the  SST's  in  station  38..  Before  1961,  only  the  HSST 
and  CPM  had  data;  the  RMS  difference  between  them  was  1  C.  RMS  errors 
for  the  cases  discussed  are  summarized  in  Figure  10.  After  1961,  the 
HSST,  CPM,  and  NMFS  SST's  all  compared  well.  The  RMS  error  then  between 
the  HSST  and  CPM  data  was  .34  C.  1961  was  the  first  year  an  update  was 
added  to  the  HSST  data,  and  subsequent  SST's  included  intake  as  well  as 
bucket  temperatures.  As  a  result,  the  number  of  observations  jumped  from 
the  10* s  and  20' s  before  1961  to  the  500' s  and  600' s  after.  A  consequence 
of  this  discontinuity  is  demonstrated  in  Figure  4,  a  graph  of  the  mean 
latitudes  of  the  monthly  observations  in  Station  38.  Because  of  the 
small  number  of  observations,  the  uncertainty  is  large  before  1961.  The 
discontinuity  affects  the  wind  speed  and  direction  as  well  as  the  SST's. 
Wyrtki  and  Meyers'  and  the  CPM  wind  speeds  agree  well  throughout  (Figure  5), 
while  the  HSST  wind  speeds  don't  compare  well  with  those  data  till  after 
1961.  The  wind  directions  of  Wyrtki  and  Meyers'  and  CPM  also  correspond 
well  (Figure  6).  December  -  February  show  the  most  interannual  variability 
in  wind  direction,  and  it  is  in  those  months  that  the  HSST  corresponds 
most  poorly  with  the  other  data  (before  1961,  that  is).  After  1961,  all 
three  data  sets  are  in  good  agreement. 

Other  general  problems  with  the  data  were  the  following:  All  the 
data  sets  showed  occassional  outlying  points.  There  was  a  9-year  wind 
data  gap  in  the  CPM  data  for  one  of  the  regions  examined.  In  general, 
the  correspondence  between  the  data  varied  depending  upon  region  and 
month. 

Our  group  at  CIRES  is  experimenting  with  adjustment  techniques  to 
the  data.  We  have  applied  the  first  of  these  to  the  HSST  sea  surface 
temperatures  in  an  attempt  to  correct  them  to  the  center  of  each  grid 
box.  The  corrections  were  done  in  the  following  manner: 

1)   Latitudinal  gradients  and  the  normal  seasonal  trends  of  SST's 
were  estimated  for  each  grid  square. 

''Fletcher,  J.  0.,  Radok,  U. ,  Slutz,  R. ,  Climatic  Signals  of  the  Antarctic 
Ocean.   Submitted  to  JGR. 
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2)  For  the  temporal  gradients,  the  HSST  hundred-year  monthly 
means  were  used  assuming  each  mean  to  be  at  the 

middle  of  the  month. 

3)  For  latitudinal  gradients,  a  Russian  atlas2  of  SST's  was 
used.  Only  mean  seasonal  winter  and  summer  gradients 
were  derived  from  the  Russian  atlas;  these  were  applied 
to  the  winter  and  summer  months  while  interpolated  values 
were  applied  to  the  fall  and  spring  months. 

4)  The  observations  were  reduced  to  the  center  of  each  box  and 
the  middle  of  each  month  by  linear  interpolation. 

From  the  graph  of  mean  monthly  latitudes  in  station  38  (Figure  4), 
it  can  be  expected  that  the  adjustment  would  make  a  bigger  difference 
before  1961,  when  the  latitudes  were  scattered  widely  throughout  the 
box,  than  after  1961  when  they  were  clustered  near  the  center.  This  is 
in  fact  what  happens  (Figure  7).  Note  that  in  some  months,  such  as 
December  and  January,  the  adjustment  actually  smoothed  out  or  changed 
the  interannual  variability.  This  would  make  a  significant  difference 
in  results  derived  from  these  data.  In  other  months,  such  as  June,  there 
is  hardly  any  difference.  A  scatter  plot  of  the  adjusted  vs.  nonadjusted 
data  (Figure  8)  shows  that  on  the  whole,  the  adjustment  introduced  a 
slight  warm  bias  into  the  SST's. 

In  station  97,  the  CPM  and  HSST  data  agreed  fairly  well  before  the 
adjustment.  There  was  no  discontinuity  in  the  HSST  data  in  1961.  The 
latitudinal  distribution  of  SST's  in  station  97  was  scattered  but 
centered  at  about  42.5  S,  i-Qe.,  north  of  the  center  of  the  box.  Thus 
without  the  correction  to  45  S  there  was  a  systematic  warm  bias  in  the 
data  (Figure  9).  The  RMS  difference  between  the  adjusted  and  non- 
adjusted  data  was  2  C  in  this  case,  more  marked  than  that  in  Station  38. 
Since  both  the  CPM  and  HSST  must  get  their  data  from  ships  approaching 
New  Zealand  from  the  (warm)  north,  the  adjusted  data  is  probably  more 
accurate  than  either  the  nonadjusted  HSST  or  CPM  data. 

Adjustment  techniques  such  as  the  one  described  may  well  be  the  way 
to  improve  and  standardize  different  data.  We  are  currently  refining 
this  technique  by  making  longitudinal  corrections  where  appropriate,  and 
by  using  the  HSST  data  itself  to  compute  self-consistent  gradients. 

zPhysico-geographical  Atlas  of  the  World,  Academy  of  Science,  Main 
Administration  of  Geodesy  and  Cartography,  Moscow,  1964,  pp.  44-45. 
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Data  Sets 


Source 


Type  of  data 


Time 


Extent 


Grid  Scale 


Historical  Sea 
Surface  Temperature 
summary  product  (HSST) 


National  Climatic  Center    SST's  and  winds 


1861-1960    Indian  and 

Pacific  Oceans 
update;      Pacific 
1961-1976 


variable  (see 
Figure  1) 


Compacted  Pacific 
Marine  data  set  (CPM) 


National  Climatic  Center    SST's  and  winds 
and  Center  for  Environmental 
Assessment  Services 


1946-1976    Pacific 


x  2 


National  Marine  (NMFS) 
Fisheries  Service 


SST's 


1961-1977    70  W-180 
40°S-60°N 


5x5 


Wyrtki  and  Meyers 


Winds 


1947-1972    70  W-120  E 
3O°S-30°N 


2  latitude  x 
10  longitude 


All  data  are  monthly  averages  from  ship  reports. 


1  HSST  also  includes  air.  temperatures. 

2  CPM  also  includes  temperature  and  momentum  flux  quantities. 
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Figure  2.  The  handwritten  numbers  are  the  HSST  Station  numbers 

and  the  printed  numbers  are  Marsden  squares.  The  shaded 
areas  are  those  discussed  in  this  comparison. 
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Figure  3.  CPM  (o),  NMFS      (  +  ),  and  HSST(A)  SST's  in  station  38 
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Figure  6.    CPM  (o),  Wyrtki  and  Meyers'  (+),  and  HSST  Wind  Direction  in  Station  38 
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Figure  7.  Adjusted  HSST  (o)  and  non-adjusted  HSST  (A)  SST's  in  Station  38 
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FOOT  MEAN  SQUARE  DIFFERENCES 


STATION  58 

Data 

Time  Period 

SST 

Wind  Speed 

Wind  Direction 

HSST  vs.  CPM 

1946-76 

,71°C 

1.27  m/sec 

26.07° 

1946-60 

1.00°C 

1.85  M/SEC 

37.74° 

1961-76 

.34°C 

.33  m/sec 

8.38° 

Adjusted  HSST  vs.  CPM 

1946-76 

■  48°C 

Adjusted  HSST  vs.  HSST 

1946-76 

■  57°C 

HSST  vs.  Fisheries 

1961-76 

,29°C 

CPM  vs.  Fisheries 

1961-76 

■  17°C 

HSST  vs.  Wyrtki  and  Meyers 

1947-72 

1.21  m/sec 

27.56° 

CPM  vs.  V'yrtki  and  Meyers 

1947-72 

Station  97 

.47  m/sec 

5.55° 

HSST  vs.  CPM 
Adjusted  HSST  vs.  CPM 
Adjusted  HHST  vs.  HSST 


1946-76  .65°C 

1946-76  1.77°C 

1946-76  2.02°C 
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COMPUTATION  OF  THE  SEASONAL  CYCLE  OF 
THE  SURFACE  HEAT  FLUX  OVER  THE  GLOBAL  OCEAN 

Y.-J.  Han,  S.-W.  Lee,  S.  Esbensen,  Y.  Kushnir 

Climatic  Research  Institute 

Oregon  State  University 

Corvallis,  Oregon 

New  estimates  of  the  net  surface  heat  fluxes  over  the  global  ocean 
have  been  obtained  for  all  calendar  months.   The  method  used  in  the  pre- 
sent calculation  is  patterned  after  Budyko  (1963)  and  Bunker  (1976) . 
But  further  simplifications  were  made,  following  Haney  (1971),  to  obtain 
a  formula  in  the  form  Q.  =  Q  (T*  -  T  ),  where  Q  is  the  net  surface 
heat  flux,  T  is  the  sea-surface  temperature,  T*  is  the  "apparent" 
atmospheric  equilibrium  temperature,  and  Q^  is  the  proportionality  con- 
stant.  Here  T*  and  Q~ ,  derived  from  the  original  heat  flux  formulas, 
are  functions  of  the  surface  meteorological  parameters  (e.g.,  surface 
wind  speed,  air  temperature,  dew  point,  etc.)  and  the  surface  radiation 
parameters.   This  particular  formulation  of  the  net  surface  heat  flux, 
together  with  the  necessary  climatological  atmospheric  parameters,  are 
intended  to  provide  a  realistic  and  computationally  efficient  upper 
boundary  condition  for  oceanic  climate  modeling. 

The  basic  climatological  data  set  used  to  compute  T*  and  Q~  was 
obtained  from  several  sources.   The  surface  atmospheric  parameters  were 
provided  on  a  5°x5°  Marsden  subsquare  grid  by  the  National  Climatic  Center. 
The  surface  insolation  under  the  clear  sky  condition  was  taken  from  the 
table  in  Kondratiev  (1969),  but  reduced  by  10  percent  at  all  latitudes  to  be 
consistent  with  more  recent  estimates  (Bunker,  1976) .   The  total  cloud 
cover  needed  for  both  long- and  short— wave  radiation  calculations  was 
obtained  from  Miller  and  Feddes  (1971),  who  estimated  the  monthly  mean 
cloud  cover  from  the  satellite  measurements. 

The  monthly  mean  values  of  T*  and  Q  were  computed  over  the  global 
ocean  for  all  calendar  months,  but  only  the  annual  mean  values  are  shown 
in  Fig.  1  and  Fig.  2  to  show  the  significant  geographical  dependence  of 
these  parameters.   Although  values  are  calculated  in  polar  regions,  the  data 
density  in  both  the  Arctic  and  Antarctic  Oceans  is  not  large  enough  to 
provide  stable  climatological  means.   As  a  result,  the  computed  T*  and 
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Q9  fields  near  the  climate-logical  sea-ice  boundaries  are  noisy  even  in 
the  annual  mean  maps. 

The  annual  mean  net  surface  heat  fluxes  (Fig.  3)  were  computed  and 
compared  with  the  earlier  estimates  by  Budyko  (1963)  for  the  world  ocean 
and  Bunker  (1976)  for  the  North  Atlantic  Ocean.   The  flux  patterns  were 
in  good  agreement  at  middle  latitudes  but  some  significant  discrepancies 
were  found  at  high  and  low  latitudes.   These  discrepancies  are  also 
apparent  in  the  zonal  mean  values  shown  in  Fig.  4,  where  more  recent 
estimates  by  Oort  and  Vonder  Ilaar  (1976)  are  also  plotted  for  compari- 
son.  A  more  detailed  comparison  of  each  heat  flux  component  shows  that 
the  major  discrepancies  are  due  to  the  estimates  of  the  net  radiation 
in  the  tropics  and  of  the  sensible  heat  fluxes  in  the  high  latitudes. 
We  suspect  that  the  solar  insolation  is  somewhat  overestimated  in  the 
present  calculation  mainly  due  to  the  use  of  the  satellite  inferred  cloud 
data  which, in  the  tropics, show  systematically  less  cloud  cover  than  the 
conventional  ground  observations   (Fig.  5);  the  latter  were  used  by  both 
Budyko  and  Bunker.   The  relatively  large  heat  fluxes  in  the  high  lati- 
tudes are  probably  due  to  the  use  of  the  heat  transfer  coefficient  which 
are  made  to  vary  with  the  thermal  stability  and  wind  speed  (Bunker,  1976). 

In  order  to  investigate  the  seasonal  variability  of  the  net  flux, 
the  monthly  zonal  mean  values  were  computed  and  are  shown  in  Fig.  6.   The 
largest  seasonal  variabilities  occur  in  the  middle  latitude  oceans  in 
both  hemispheres.   The  relative  magnitude  of  the  variability,  however,  is 
greater  in  the  northern  oceans  than  in  the  southern  oceans.   This  is  con- 
sistent with  the  relatively  stronger  surface  heat  exchange  processes  in 
the  northern  ocean,  especially  in  the  vicinity  of  the  major  western 
boundary  currents.   For  the  purpose  of  comparison,  the  present  result 
was  checked  with  the  independent  calculations  of  Oort  and  Vonder  Haar 
(1976).   Their  estimates  of  the  net  surface  heat  flux  which  was  obtained 
as  a  residual  of  the  vertically  integrated  atmospheric  heat  balance 
equation  using  satellite  radiation  measurements  at  the  top  of  the  atmos- 
phere and  conventional  radiosonde  data  shows  relatively  less  heating 
(-50  watts/m2)  during  the  summer  half  year  and  very  much  less  cooling 
at  the  high  latitudes  during  the  winter.   The  relative  accuracy  of  these 


280 


two  independent  estimates,  however,  is  difficult  to  judge  because  of 

many  uncertainties  involved  in  the  methods  and  data  used  in  each  esti 

mate. 

The  parameterization  of  the  net  surface  heat  flux  by  T  ,  T*  , 
1  '   s   A 

and  Q  emphasizes  the  important  role  of  sea  surface  temperature  in 
determining  the  net  surface  heating  of  the  oceans.  The  comparison 
between  the  heat  fluxes  obtained  from  model -simulated  and  observed 
sea-surface  temperatures  for  the  same  T*  and  Q9  should  give  needed 
guidance  for  the  development  and  verification  of  coupled  ocean-atmo- 
sphere general  circulation  models. 
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Fig.  I.    Computed    annual   mean    atmospheric   equilibrium    temperature   ( TA    ). 

The  isolines   are  drawn    at   2°C  intervals  with  the  0°C  isotherm   dashed. 
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Fig.  2.    Computed   annual   mean  proportionality  constant  (Watts/m  /°C). 
The  isolines  are  drawn   at  5  Watts/m  /°C  with  the  reference  line 
(40)   dashed. 
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Fig.  3.    Computed    annual   mean  net  surface  heat   flux  (Watts/m    ).    The 

isolines    are    drawn    at   50  Watts/m2  intervals   with   the   reference 
line  (0.0)  dashed. 
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Fig.  4.    Computed    zonal   mean   of   the  annual   mean  net  surface   heat 
flux   (ly/day). 
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Fig.  5.    Latitudinal    distribution   of  the  zonal   mean   of  the  annual  mean 
cloud    cover   (fractions). 
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Fig.  6.    Time    latitude  cross  section  of  the  zonal  mean  net  surface  heat 

flux  (Watts/m2).    The  isolines  are  drawn  at  50  Watts/m     intervals 
with  the  zero  line  dashed. 
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Large  scale  heat  exchange  across  the  air-sea  interface  in  the 
North  Pacific  Ocean  during  recent  fall  and  winter  seasons. 


Nathan  E.  Clark 
Scripps  Institution  of  Oceanography- 
University  of  California,  San  Diego 
La  Jolla,  California  92093 


Comparison  of  fall  and  winter  700  mb.  height  anomaly  fields  with  those 
of  sensible  and  latent  heat  exchange  between  ocean  and  atmosphere  shows 
that  above  (below) -normal  heat  flux  over  the  entire  eastern  North  Pacific 
Ocean  is  associated  with  below  (above) -normal  700  mb.  heights  over  the 
eastern  North  Pacific  and  western  North  America.   Since  below-normal  height 
fields  over  these  regions  are  related  to  heavy  precipitation  in  the  western 
U.S.,  the  eastern  North  Pacific  is  operating  as  an  important  source  of  heat 
and  moisture  for  storms  moving  out  of  the  Gulf  of  Alaska  and  on  to  the 
North  American  coast. 

The  anomaly  values  of  air-sea  heat  exchange  used  in  this  study  were 
determined  from  marine  weather  data  collected  by  ships-of-opportunity 
operating  in  the  North  Pacific  Ocean  from  1950  through  1979.   The  maps  of 
700  mb.  height  and  anomaly  values  that  were  used  in  this  initial  qualitative 
comparison  were  obtained  from  the  Climate  Study  Group  at  the  Scripps 
Institution  of  Oceanography. 

Figs.  1  and  2  show  the  700  mb.  height  and  anomaly  values  for  the 
Northern  Hemisphere  during  the  winters  of  1968-69  and  '1976-77.   These 
years  were  chosen  to  illustrate  the  differences  in  anomaly  distribution 
over  the  eastern  North  Pacific  Ocean  and  western  North  America  during 
contrasting  wet  and  dry  winter  seasons  in  the  western  United  States.   In  Fig.  1 
a  trough  in  the  700  mb.  height  field  is  located  along  the  west  coast  of 
North  America,  and  below-normal  values  extend  from  the  eastern  North 
Pacific  Ocean  well  into  the  western  third  of  the  continent.   Associated 
with  this  trough  were  frequent  storm  systems  that  moved  out  of  the  Gulf 
of  Alaska  and  dropped  above-normal  precipitation  on  the  western  states 
as  they  travelled  inland.   On  the  other  hand,  Fig.  2  shows,  a  strong 
ridge  in  the  700  mb.  height  field  located  along  the  North  American  coast 
with  above-normal  values  over  the  eastern  North  Pacific  and  western 
continental  regions.   This  ridge  prevented  storm  systems  from  entering 
the  United  States  and  drought  conditions  prevailed  in  the  western  states 
throughout  the  fall  and  winter  seasons. 

Figs.  3  and  4  show  the  anomaly  values  (actual  seasonal  values  minus 
the  long-term  mean  calculated  from  1950  through  1979)  of  latent  heat  flux 
over  the  North  Pacific,  Ocean  north  of  20°  N.  latitude  for  the  fall  seasons 
of  1968  and  1976  and  the  winter  seasons  of  1968-69  and  1976-77.   In  Fig.  3 
both  fall  and  winter  seasons  have  above-normal  evaporation  and  latent  heat 
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flux  over  the  eastern  North  Pacific  Ocean.   These  above-normal  values 
occur  in  the  same  region  as  do  the  below-normal  700  mb.  heights  (Fig.  1) 
and  are  caused  by  the  strong  winds  and  cold, dry  air  on  the  western  flanks  of 
surface  storm  systems  associated  with  the  below-normal  height  field.   In 
contrast  to  this  situation,  Fig.  4  shows  below-normal  evaporation  and 
latent  heat  flux  over  the  eastern  North  Pacific  Ocean  during  fall  1976 
and  winter  1976-77,  and  these  below-normal  values  occur  in  the  same  area 
as  do  above-normal  700  mb.  height  values  (Fig.  2).   The  strong  ridge  of  high 
pressure  that  persisted  throughout  these  fall  and  winter  seasons  kept  most 
storm  systems  out  of  the  eastern  North  Pacific  Ocean,  and  resultant  light 
surface  winds  and  more  humid  air  diminished  latent  heat  exchange  between 
ocean  and  atmosphere. 

Fig.  5  shows  area  averages  of  latent  heat  flux  anomalies  for  fall 
and  winter  seasons  from  1968  through  1978-79.   Each  of  the  area  average 
values  was  determined  for  5°  by  5°  seasonal  anomaly  values  which  were 
integrated  over  the  region  shown  in  outline  on  the  maps  in  Figs.  1-4. 
If  a  comparison  is  made  between  the  area  averages  of  latent  heat  flux  and 
winter  seasonal  anomaly  maps  of  precipitation  over  the  western  United  States 
(not  shown) ,  it  shows  that  positive  or  above-normal  area  average  latent 
heat  flux  corresponds  to  above-normal  precipitation  values  and  vice  versa. 
It  appears  th&t  the  eastern  North  Pacific  Ocean  acts  as  an  important  source 
of  heat  and  moisture  for  the  storm  systems  that  pass  over  it  and  eventually 
influences precipitation  amounts  in  the  western  United  States. 


Figures 

1.  Seasonal  mean  700  mb.  height  and  anomaly  values  for  winter  1968-69. 

2.  Seasonal  mean  700  mb.  height  and  anomaly  values  for  winter  1976-77. 

3.  Anomalies  or  departures  from  the  long-term  mean  (1950-79)  of  latent 
heat  flux  between  the  central  and  eastern  North  Pacific  Ocean  and  over- 
lying atmosphere  for  the  fall  of  1968  and  winter  of  1968-69. 

4.  Same  as  in  Fig.  3  but  for  the  fall  of  1976  and  winter  of  1976-77. 

5.  Area  averages  of  latent  heat  flux  anomalies  computed  over  the  regions 
outlined  in  Figs.  1-4  for  the  fall  and  winter  seasons  of  1968  through  1978- 
79. 
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On  the  Influence  of  Pacific  Ocean  Temperatures  on  Atmospheric  Carbon 
Dioxide  Concentration  at  Ocean  Weather  Station  P 

by 

Kirby  J.  Hanson,  James  T.  Peterson, 
Geophysical  Monitoring  for  Climatic  Change 
Environmental  Research  Laboratories,  NOAA, 
Boulder,  Colorado   80303 

Jerome  Namias,  Robert  Born, 
Scripps  Institution  of  Oceanography, 
University  of  California-San  Diego, 
LaJolla,  California,  92093 

C .  S .  Wong 
Marine  Carbon  Research  Center, 

Institute  of  Ocean  Sciences, 
Dept.  of  Fisheries  and  Oceans, 

P.  0.  Box  6000, 
Sidney,  B.  C,  Canada,  V8L  4B2 

The  study  presents  an  analysis  of  atmospheric  CO2  measurements  at  Ocean 
Weather  Station  P  (50°  N,  145°  W)  and  sea  surface  temperatures  over  the 
North  Pacific  for  the  period  1974-1978.   The  results  show  that  during  1976  and 
1977  sea  surface  temperatures  over  the  Northwest  Pacific  were  significantly 
below  normal  and,  coincidentally ,  atmospheric  CO2  levels  at  Station  P  were  also 
lower  than  expected.   This  indirect  evidence  does  not  prove  but  suggests  that 
the  Northwest  Pacific  (40°-50°N)  mav  have  been  a  major  sink  for  atmospheric  CO2 
during  1976  and  197  7  when  sea  surface  tempratures  over  large  areas  of  the  North- 
west Pacific  were  much  below  normal.   However,  a  specific  mechanism  for  this 
sink  is  not  established.   Direct  observations  of  pertinent  parameters  obtained  at 
appropriate  times  could  establish  the  significance  of  the  North  Pacific  as  a 
sink  for  atmospheric  CO2  and  lead  to  studies  of  the  mechanism  for  such  a  sink. 

Atmospheric  CO2  data  from  flask  samples  taken  at  Station  P  and  analyzed  at 
the  Canadian  Marine  Carbon  Research  Center  were  used  for  this  study.   A  time 
series  plot  of  the  Station  P  data  (Fig.  1)  for  the  individual  days  on  which  air 
flask  samples  were  obtained  shows  the  general  features  that  are  now  well-known  for 
a  Northern  Hemisphere  ocean  location:   an  intra-annual  variation  (at  Station  P 
about  15-18  ppm)  with  minimum  in  August-September,  and  a  long  term  increase 
(for  1974-78)  near  0.75  ppm/year).   However,  it  is  also  evident  that  in  a  secular 
sense  the  CO2  concentration  does  not  follow  a  monotonic  increase  as  would  be 
expected  if  only  CO2  from  fossil  fuel  sources  were  affecting  the  nonseasonal, 
long-term  increase  of  atmospheric  CO9 .   During  1976  and  early  1977,  for  example 
(Fig.  1),  CO?  concentrations  are  lower  than  for  the  same  months  in  1975. 

North  Pacific  sea  surface  temperatures  used  in  this  study  were  provided  by 
the  Climate  Research  Group  of  Scripps  Institution  of  Oceanography  for  a  5°  x  5° 
latitude-longitude  grid  from  20°  to  60°  N  and  130°  E  to  110°  W  in  the  form  of 
monthly  average  departures  from  normal  (DN).   The  normal  was  based  on  the  period 
1947-1979.   The  distribution  over  the  North  Pacific  of  the  average  temperature 
anomaly  for  the  period  1974-78,  Figure  2  (upper),  shows  a  strong  negative  temper- 
ature departure  in  the  central  Pacific  from  35-40°  N  centered  near  180°  longitude. 
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The  standard  deviation  about  the  5-year  average  computed  from  the  monthly  temper- 
ature DNs  during  the  1974-78  period,  Fig.  2  (lower),  shows  that  the  variability 
during  this  period  was  highest  on  the  north  and  northwest  sides  of  the  negative 
temperature  DN  and  extended  from  northern  Japan  eastward  across  two-thirds  of  the 
Pacific  between  40°  and  45°  N.   This  area  of  maximum  variability  includes  the 
boundary  between  the  warm  Kuroshio  current  and  the  cold  Oyashio  current.   The 
abnormally  cold  water  over  much  of  the  North  Pacific  was  produced  largely  by 
frequent  strong  cyclonic  activity  in  and  near  the  Aleutian  Islands,  which  in 
turn  led  to  strong  winds  and  large  heat  extraction  from  the  sea. 

To  study  the  relationship  between  Pacific  sea  surface  temperature  (SST) 
anomalies  and  CO2  anomalies  we  have  correlated,  for  each  Pacific  grid  point,  the 
monthly  SST  anomalies  with  the  monthly  CO2  anomalies  at  Station  P  for  the  period 
1974  through  1978.   As  indicated  in  Figure  3,  the  distribution  of  correlation 
maximum  in  the  North  Pacific  is  quite  similar  in  pattern  to  that  of  the  maximum 
variability  of  SST  (lower  Fig.  2)  but  is  displaced  about  5°  farther  north  (45°  - 
50°  N.)   This  correlation  maximum  has  extensive  east-west  elongation  but  with 
highest  values  near  180°  longitude.   This  extensive  region  is  the  so-called 
West  Wind  Drift  region  which  places  the  entire  area  of  high  correlation  upwind 
of  Station  P. 

An  area  of  secondary  maximum  in  correlation  is  centered  at  22.5°  N  and 
165°  W.   The  question  of  whether  CO2  anomalies  detected  at  Station  P  originate 
in  this  area  of  secondary  maximum  is  still  open,  but  it  is  less  likely  to  be  a 
source  region  for  CO2  anomalies  observed  at  Station  P  because  of  air  trajectory 
considerations,  alone. 

In  order  to  look  at  the  question  of  how  the  correlation  pattern  may  have 
varied  from  year  to  year,  the  secular  variations  of  Station  P  CO2  anomalies  and 
SST  anomalies  at  45°  N,  180°  W  are  indicated  in  Figure  4.   Clearly  a  large  part  of 
the  high  correlation  comes  from  the  coincidence  of  negative  CO2  anomalies  and 
negative  SST  DNs  during  1976  and  the  first  half  of  1977.   There  is  no  improvement 
in  this  correlation  by  lagging  either  data  set. 

The  mean  annual  SST  DNs  year  by  year  for  197  5  through  1978  (Fig.  5)  show 
that  negative  temperature  anomalies  were  both  geographically  extensive  and  most 
intense  in  the  North  Pacific  in  1976  and  1977.   The  SST  DN  pattern  for  the  year 
1976  is  quite  similar  to  the  correlation  based  on  5  years  of  data  (Fig.  3)  which, 
again,  suggests  the  importance  of  SST  anomalies  that  year  to  the  CO2  anomalies 
at  Station  P. 

Comparison  of  the  annual  correlation  patterns  of  SST  DNs  vs.  CO2  DN  in 
Figure  6  with  the  SST  DNs  in  Figure  5  suggests  there  is  a  reasonably  good 
correspondence  between  them.   For  example,  the  most  geographically  extensive  and 
highest  correlations  were  in  1976  and  1977,  as  were  the  SST  DNs. 

Some  previous  investigators  have  obtained  correlations  between  time  derivations 
of  CO2  and  meteorological  or  oceanographical  parameters.   We  have  calculated  time 
derivatives  of  the  Station  P  CO2  and  SST  using  the  month-to-month  change  as  a 
basis  for  the  derivative.   Shown  in  Figure  7  are  the  values  and  positions  of 
centers  of  correlation  maximum  for  both  time  derivatives  and  for  DNs.   The 
latter  are  those  indicated  in  Figure  6.   Clearly  the  centers  for  both  correlation 
methods  are  nearly  collocated  each  year  and  are  generally  situated  in  the  North- 
west Pacific.   It  is  also  evident  that  correlations  are  slightly  higher  using 
the  DN  method  than  using  the  derivatives  method,  as  indicated  by  the  maximum 
correlation  values  in  Figure  7. 
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We  have  also  obtained  an  EOF  analysis  for  (nonseasonal)  SST  DNs  over  the 
Pacific  from  25°-55°N.   As  indicated  in  Table  1,  analyses  were  obtained  for  the 
5-year  period  1974-1978  and  for  the  2-year  period  1976-1977.   The  nonseasonal 
EOF  component  1  for  the  2-year  period  explained  31  percent  of  the  variance.   Its 
pattern  (not  shown)  places  highest  values(>  0.2)  at  45°  N  and  160°-170°E,  a  pattern 
quite  similar  to  that  for  correlations  of  CO2  anomalies  and  SST  DNs  for  the 
years  1976  and  1977. 

As  with  so  many  studies  of  natural  phenomena,  it  is  not  possible  to  prove 
that  the  Northwest  Pacific  is  the  location  of  the  cause  of  the  CO2  anomalies  at 
Station  P,  because  many  things  in  nature  are  correlated  without  a  cause-effect 
relationship.  Yet  the  present  study  does  delineate  the  area  40°-45°N  and  160°-180° 
of  the  Northwest  Pacific  as  having  been  a  major  sink,  for  atmospheric  CO2  during 
1976  and  1977.   There  are  a  number  of  possible  mechanisms  for  such  a  sink,  for 
example  increased  fixation  of  carbon  by  plants,  temperature  changes  in  the  mixed 
layer,  or  combinations  of  these  and  other  mechanisms. 

The  possible  role  of  this  area  of  the  Pacific  in  modulating  the  global 
carbon  cycle  has  not  been  evaluated.   Through  subsequent  studies  it  may  be 
possible  to  do  this  evaluation  by  examining  atmospheric  CO2  data  from  other 
global-dispersed  locations. 

The  present  study  suggests  it  may  be  useful  to  obtain  direct  sampling  of 
atmospheric  CO2,  pC02  in  the  ocean,  primary  productivity,  and  other  parameters 
in  this  area  of  the  Pacific,  particularly  during  those  periods  in  which  SST  DNs 
are  negative.   This  would  help  to  establish  whether  or  not  this  area  is  at  times  a 
principal  sink  for  atmospheric  CO2  as  well  as  to  establish  the  specific  mechanism 
for  that  sink. 

FIGURE  LEGENDS 

Figure  1.   Atmospheric  CO2  concentration  at  Ocean  Weather  Station  P  for  individual 
days  on  which  air  flask  samples  were  obtained. 

Figure  2.   (Upper)  sea  surface  temperature  (SST)  departure  from  normal  (DN)  in  °F, 
and  (lower)  standard  deviation  of  monthly  SST  DN  in  °F  for  the  1974-78 
period. 

Figure  3.   Correlation  of  Station  P  CO2  anomalies  with  SST  DNs  for  the  1974-78 
period. 

Figure  4.   C02  anomalies  at  Station  P  and  SST  DNs  at  45°  N,  180°  W. 

Figure  5.   Mean  annual  SST  DNs  year  by  year  for  the  period  1974-78.   Shading 
indicates  SST  DNs  colder  than  -1.5°  F. 

Figure  6.   Correlations  of  Station  P  C02  DNs  with  SST  DNs  year  by  year  for  the 
period  1974-78.   Shading  indicates  correlations  greater  than  0.6. 

Figure  7.   Correlation  values  and  position  of  centers  of  maximum  correlation 
for  individual  years  1974-78.   Correlation  by  two  methods  are 
presented:   CO2  DN  vs.  SST  DN;  and  C02  derivative  and  SST  derivative. 
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Correlation:  Station  "P"  CO2  vs.  Temperature  D.N. 
(1974-78) 
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Mean  Annual  Sea  Surface  Temperature  D.N. 
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Correlation  Coefficient:  Station  "P"  C02  D.N.  vs.  SST.  D.N. 


20'  100'W 


0) 

■o  — 

—  o 
CO 


-    1974 


«•    1975 


«■    1976 


1977 


1978 


120*E  140 


20*  100*V\ 


Longitude 


FIGURE   6 


299 


Centers  of  Correlation  Maximum 

160°  180°  160° 


140 


®  -  Correl:  C02  D.N.  vs.  SST  D.N. 
&  -   Correl:  C02  deriv.  vs.  SST  deriv. 


110° 

100°W 


160° 


140" 


120° 


FIGURE  7 


TABLE  1 


EOF  analysis  for  the  Pacific  Ocean  area  from 
25-55°N,  and  longitudes  from  Japan  to  the  West 
Coast  of  North  America. 


Period  of 
Data 


Component 


Percent  of 
Variation  [%} 


1974-78 


1  22.9 

2  15.4 

3  10.3 

4  6.4 

5  5.8 

6  3.8 
7-12  15JL 

(total)  80.2 


1976-77 


1 
2 
3 
4 
5 
6 
7-12 


(total) 


31.0 
19.3 
9.5 
6.5 
5.1 
4.5 
7.2 
82.6 
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Diagnostic  equations  in  pressure  coordinates  including  the  effects  of 

variable  surface  pressure 

G.J.  Boer 
Numerical  Studies  Division 
Canadian  Climate  Centre 

There  are  two  main  results  of  this  study.   The  first  is  a  reform- 
ulation of  the  atmospheric  equations  of  motion  in  pressure  coordinates 
which  makes  use  of  the  properties  of  the  Heaviside  unit  and  Dirac  delta 
functions.   This  formalism  is  useful  in  obtaining  derived  equations  such 
as  the  energy  equations  since  boundary  terms  are  automatically  handled 
and  use  of  Leibnitz  rule  is  avoided.   The  second  result  stems  from  the 
use  of  this  formalism  in  typical  general  circulation  diagnostic  calcu- 
lations.  Ambiguities  in  the  treatment  of  diagnostic  terms  evaluated 
on  pressure  surfaces  pierced  by  topography  are  removed.   Moreover 
certain  boundary  related  terms  arise  naturally  in  the  derivation  of 
the  diagnostic  equations  which  have  apparently  been  neglected  here- 
tofore. 

The  simplicity  of  the  equations  of  motion  in  pressure  coordinates 
is  not  so  obvious  when  the  lower  boundary  condition  is  taken  into 
account.   For  diagnostic  calculations  the  fact  that  integration  and 
averaging  cannot  be  interchanged, 

also  leads  to  difficulties  and  ambiguities  when  calculating  diagnostic 
terms.   This  may  be  avoided  by  rewriting  the  equations  in  the  form 


:?  4$I  *  P w^  +-pQ 


% 


-V  V*  jSVV+3.AOsO 


.«>.**) -Km$- {£',£>£ 


where  PO/%  fit)  m  p(.  fs"fj  *  (,  0»P>P%  is  the  Heaviside  unit 

function  which,  in  these  equations,  carries  the  information  as  to  whether 
the  point  in  question  is  above  the  topography.   The  Dirac  delta  func- 
tion is  the  derivative  of  the  unit  function  and  it  follows  that 


and  similarly  for  X  %  iP  . 
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The  equations  may  be  taken  to  apply  to  the  domain   o  £.  P  4s.  ^s 
where   T7e    is  a  constant  always  greater  than  p$    .  The  bottom 
boundary  condition  becomes 

This  form  of  the  equations  of  motion  is  useful  in  obtaining  var- 
ious derived  equations  since  boundary  terms  are  handled  automatically. 
The  simplest  example  is  the  derivation  of  the  surface  pressure  equa- 
tion from  the  continuity  equation.  Using  "5fc/£t  a*  S  £Ps/2"£ 
and  integrating  gives  directly  that 


2>±  "•  f 


2K   +  V-j£  Vdp  *0 

since  Jm   pifca-p    =•  /  X  ^^  Other  derived  equations  can  be 

similarly  obtained. 

The  formalism  allows  an  unambigious  development  of  the  diagnostic 
equations  and  of  the  usual  diagnostic  statistics  which  accounts  for 
the  presence  of  topography  through  the  £    term.   As  an  example,  the 
basic  statistics  of  the  temperature  field  may  be  considered.   Global 
data  from  the  NMC  analysis  for  January  1979  are  used.   This  data  is 
available  on  standard  pressure  surfaces  with  "estimated"  values  given 
below  the  topography.   Mean  and  variance  terms  under  time  and  zonal 
averaging,  for  example,  are  often  obtained  as 

T  =  LT3  **?*  +-T1 

where  the  decomposition  is  into  mean,  standing  eddy  and  transient  eddy 
components.   The  zonal  mean  temperature  t-^3  and  the  standing  eddy 
term  Lt**3  which  are  obtained  in  this  way,  taking  the  data  as 
given,  are  shown  in  Figure  1.   These  statistics  have,  however,  treated 
"subterrainian"  values  as  if  they  were  real.   The  mean  and  variance 
terms  that  arise  from  manipulation  and  averaging  of  the  reformulated 
equations  are  of  the  form  L(M"3  and  \.  fcTO  •   The  decomposition  is 
somewhat  different  in  this  case, 

where  

f   *  pr  if  j  M°  ,   t'-t-t" 

T   and  CTlftare  the  so  called  "representative"  values,  i.e.  values 
based  only  on  data  above  the  topography. 

The  values  of  t$]   ,   LJbTl^t.^"}  l-Tlfc.    andLjb  T**l  are 

displayed  in  Figure  2.     L"p>3  represents  the  percentage  of  points  a- 
round  the  latitude  circle  which  are  above  the  topography.    CfcT*}  is 
the  appropriate  mean  temperature  for  use  in  diagnostic  calculations. 
If  temperature  is  taken  to  represent  the  internal  energy  density  of 
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the  fluid  for  instance  then  L^T  J  is  the  proper  contribution  to  the 
net  energy.   It  contains  no  contributions  from  subterrainian  points. 
This  field  is  quite  different  from  that  of  l_T J   which  is  obtained  by 
taking  the  NMC  data  at  face  value  and  -which  includes  a  contribution 
from  non-existent  subterrainian  air.   The  representative  temperature 

C"t36.   (not  shown)  is  similar  to  Lt3   as  it  represents  average 
(real)  air  temperatures  where  they  exist  around  the  latitude  circle. 
At  lower  levels  the  effect  of  topography  is  to  confine  the  air  to 
regions  over  the  relatively  warm  oceans  (in  January)  so  that  Lt^C 
is  typically  warmer  than  L"\0  •   Similar  kinds  of  remarks  apply  to 
the  standing  eddy  variance  terms   L  ^T**0   and\_T*x3 

It  is  apparent  that  topography  should  not  be  neglected  in  the 
calculation  of  typical  diagnostic  quantities.   There  are  two  other 
aspects  of  the  problem  which  cannot  be  discussed  here.   The  first  is 
the  possibility  of  obtaining  useful  approximate  formulae  by  making 
consistent  approximations  based  on  the  exact  formulae.   The  second 
arises  in  the  derivation  of  diagnostic  equations  such  as  those  for 
kinetic  and  available  potential  energy.   As  has  been  mentioned,  the 
derivation  of  these  formulae  based  on  the  formalism  outlined  above 
gives  rise  to  boundary  terms  which  are  apparently  not  considered  in 
the  usual  diagnostic  formulae.   These  terms  may  be  important  both 
for  physical  understanding  of  the  processes  of  the  general  circulation 
and  for  correct  budget  calculations. 
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RUM  rGGE3A.      6AYS      JAN79.      EXTRAP   TEH*.      UNIT*    DEO. 


Fig.    la.        LTi-  Zonally  and  time  averaged  temperature  using  the   data  as   given.      Units:      °K. 
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Fig.  lb.   LT"  J. Standing  eddy  variance  of  temperature  using  the  data  as  given.   Units  =  (  C) 
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BUN  FG0E3A.   DAYS  JRN79. 


IWES1GE0  BETA.  UNITS  E-l. 


Fig.    2a. 


l^\.   A  measure  of  the   fraction  of  gridpoints   above  the  topography  under  time 
and  zonal  averaging.      Units:    10      , 


BUN  FOGESfl.      ORVS      JNN/9.  SETA'TEHP,      UNITS   0E6. 


Fig.  2b. 


UP  'J.  Zonally  and  time  averaged  temperature  with  subterrainian  values  set  to 

zero.   This  is  the  proper  contribution  to  an  integral.   Alternatively  it 
may  be  interpreted  as  the  averaged  energy  density  of  the  fluid  as  mea- 
sured by  temperature.   Units:    K. 
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RUN  fOOC3ft.      DAYS     JflN>9,      BT'T«.    CDNT  STD   £DDV   VSR   Of    TCHP.    UNITS      OEOJ. 


Fig.    2c.  L^T     J.Standing  eddy  variance  of  temperature  without   contribution   from  sub- 
terrainian  values.      This   is  the  proper  contribution  to  an   integral  or 
the   integrand  of  available  potential  energy.      Units:    (°C)    . 
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Seasonal  simulation  experiments  with  a 
low-order  general  circulation  model 

Bette  L.  Otto-Bliesner  and  David  D.  Houghton 
Department  of  Meteorology 

University  of  Wisconsin 
Madison,  Wisconsin  53706 

The  purpose  of  this  study  is  to  gain  a  better  understanding  of  the 
dynamics  of  seasonal  change  through  analysis  of  long-term  integrations 
of  a  low-order  general  circulation  model.   The  numerical  model  used  is  a 
global^  spectral,  primitive  equation  model  with  five  equally  spaced  sig- 
ma  levels  in  the  vertical  and  triangular  truncation  at  wavenumber  10  in 
the  horizontal.   Included  in  the  model  are:   orography;  simplified 
parameterizations  of  radiation,  convection,  condensation,  diffusion, 
and  surface  transports;  and,  a  surface  heat  budget  over  land  areas. 

The  external  seasonal  forcing  of  the  model  is  composed  of  smooth 
time-varying  functions  for  the  latitude  of  snowcover,  solar  radiation, 
and  sea-surface  temperatures.   The  snowline  over  land  is  determined 
from  a  sinusoidal  function  in  time,  which,  in  the  Northern  Hemisphere 
gives  a  maximum  southern  extent  to  45°N  on  January  26  and  a  minimum  ex- 
tent to  75°N  on  July  26.   The  diurnal  mean  of  incoming  solar  radiation 
is  controlled  by  a  seasonal  sinusoidal  variation  in  the  declination 
angle  which  affects  both  the  zenith  angle  and  the  length  of  daylight. 
The  time-varying,  but  prescribed,  sea-surface  temperatures  (SST)  are 
calculated  from  monthly  mean  climatological  data.   The  change  of  sea- 
surface  temperatures  from  January  to  July  is  generally  less  than  5°C 
except  over  small  areas  in  the  northern  oceans  and  near  Antartica  (Fig- 
ure 1)  . 

Model  performance  has  been  evaluated  from  a  5-year  seasonal 
simulation.   An  example  of  the  model's  capability  is  the  simulation  of 
the  zonal  wind  field  (Figure  2).   The  basic  features  of  the  midlatitude 
jets  are  reproduced,  but  they  are  placed  at  the  top  model  level.   The 
observed  easterlies  at  tropical  latitudes  are  somewhat  underestimated. 

Two  experiments  are  run  to  investigate  the  effect  of  the  external 
forcing  on  the  seasonal  cycle.   In  the  first,  designated  "Seasonal  R  ", 
only  the  incoming  solar  radiation  is  allowed  to  vary  seasonally.   The 
latitude  of  snowcover  is  fixed  at  60°  in  both  hemispheres,  and  the  sea- 
surface  temperatures,  sea  ice,  cloud  amounts,  and  long-wave  emissivi- 
ties  are  set  at  their  annual  mean  values.   In  the  second,  designated 
"Seasonal  SST",  only  the  sea-surface  temperatures  and  sea-ice  bounda- 
ries are  varied  seasonally.   Both  experiments  are  started  from  January  1 
of  the  third  year  of  the  5-year  seasonal  simulation  and  integrated 
for  one  year.   Results  from  the  third  year  of  the  original  simulation 
are  considered  the  control. 
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Seasonal  variations  of  the  computed  surface  temperatures  over  land 
are  similar  in  the  control  and  seasonal  R  experiments  (Figure  3) .   Dif- 
ferences in  the  southern  extent  of  the  freezing  isotherm  are  tied  to 
the  snowcover  limit.   The  seasonal  SST  simulation  has  much  less  seasonal 
variability  for  surface  temperatures  over  land.   Note  the  reversal  of 
the  polarity  of  the  land-sea  contrast  in  both  the  control  and  seasonal 
R  experiments  which  is  absent  in  the  seasonal  SST  experiment. 

The  transfer  of  sensible  heat  between  the  surface  and  the  first 
model  level  (Figure  4)  is  also  affected  by  variations  in  the  radiative 
forcing.   Without  this  seasonal  cycle,  the  air  above  the  winter  conti- 
nents is  warmer,  so  that  as  it  flows  over  the  warm  Gulf  and  Kuroshio 
currents,  less  sensible  heat  is  imparted  to  it. 

At  upper  levels,  the  effect  of  solar  radiation  variations  is  even 
more  pronounced  (Figure  5) .   The  magnitudes  of  the  midlatitude  west- 
erly jets  show  a  distinct  seasonal  variation  in  the  control  and  sea- 
sonal R  integrations,  especially  in  the  Northern  Hemisphere.   The 
changes  are  somewhat  less  in  the  seasonal  R  experiment  than  in  the 
control  due  to  the  snowcover  being  fixed  at  its  annual  mean  in  the 
former  rather  than  retreating  poleward  in  summer.   In  the  seasonal  SST 
simulation,  the  westerly  jets  have  less  annual  variation,  and  during 
the  northern  summer,  the  tropical  easterly  jet  is  poorly  developed. 

Finally,  time  series  of  the  vertically  integrated  eddy  kinetic 
energy  averaged  from  23.21°N  to  81.11°N  (Figure  6)  can  be  used  to 
assess  the  relative  influences  of  the  external  forcings  on  the  season- 
al cycles  within  the  atmosphere.   No  annual  variation  is  apparent  in 
the  eddy  kinetic  energy  present  in  the  seasonal  SST  experiment.   Both 
the  control  and  seasonal  R  simulations  display  seasonal  cycles  of 
eddy  kinetic  energy,  but  the  variation  is  more  sinusoidal  in  the  latter. 
In  the  control  run,  the  eddy  kinetic  energy  decreases  gradually  through 
spring  and  summer,  reaching  a  minimum  in  September,  and  then  increases 
rapidly  in  October,  as  also  observed.   The  results  suggest  that  sea- 
sonal SST  variations  might  explain  this  asymmetry. 

In  conclusion,  these  experiments  show  that  variations  in  the 
direct  heating  of  the  atmosphere  and  land  surfaces  by  incoming  solar 
radiation  are  generally  more  important  than  variations  in  the  specified 
sea-surface  temperatures  and  sea-ice  boundaries  for  determining  the 
annual  variations  of  atmospheric  parameters  in  a  general  circulation 
model.   In  particular,  solar  radiative  heating  plays  a  large  role  in 
forcing  the  north-south  as  well  as  east-west  (land-sea)  temperature 
contrasts  and  their  seasonal  changes,  which,  in  turn,  affects  the 
seasonal  variations  of  the  winds,  surface  transports,  and  energetics. 
These  results  have  implications  for  the  design  of  coupled  ocean- 
atmosphere  climate  models. 


308 


90 
N 
60 


60  F 
S 
90 


i   i   i — i — i — i   i   i — [— -I — i — |   i   i — | — i — i — j 


:     ..'         -2  5 

.  v/^^       Z^ 


y 


^ 


-^^J 


r:.b, 


(  .- 
V 


/.... 


•/ 


/ 


180 


i    i   i    i   i    i    t   i    i   i    i    i   i    i   i    ■■    i    ■    ■    i    i    i    i    ■    i    i    .,    I    ,    , 

90W  0  905  180 


Figure  1:   Distribution  of  July  minus  January  prescribed  sea-surface 
temperatures  (°C). 
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Figure  2:   Computed  and  observed  zonal  distributions  of  zonal  wind 
component  (m/s). 
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Figure  4: 


Latitude-time  sections  of  computed  sensible  heat  transfer 
between  the  earth's  surface  and  the  first  model  level  in 
the  control,  seasonal  R  ,  and  seasonal  SST  simulations. 
Solid  contours  represent  upward  flux. 


311 


Pm 


312 


KP    (105  J/M2) 


CONTROL 


SEASONAL     R0 


10 
8 
6 
4 
2 
0 


SEASONAL   SST 


M 


M       J        J        A 
MONTH 


O       N 


D 


Figure  6:   Daily  time  series  of  the  eddy  kinetic  energy  averaged  from 
23.21°N  to  81.11°N  and  from  the  surface  to  100  mb  for  the 
control,  seasonal  R  ,  and  seasonal  SST  simulations. 
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PRELIMINARY  ANALYSIS  OF  THE  ANGULAR  MOMENTUM  BALANCE  IN  THE  OSU 
TWO-LEVEL  ATMOSPHERIC  GENERAL  CIRCULATION  MODEL 

J.-W.  Kim  and  W.  Grady 


Climatic  Research  Institute 

and 

Department  of  Atmospheric  Sciences 

Oregon  State  University 

Corvallis,  Oregon  97331 


The  atmospheric  angular  momentum  balance  is  studied  by  analyzing 
the  data  during  a  simulated  January  of  the  OSU  two- level  atmospheric 
general  circulation  model.  Monthly  zonal  means  of  the  Coriolis  torques, 
the  vertical  transfer  of  relative  angular  momentum  by  penetrating  con- 
vection, midlevel  convection,  background  viscosity,  pressure  force,  and 
vertical  motion,  the  meridional  transfer  of  relative  angular  momentum 
by  the  standing  mean  motion,  standing  eddies  and  transient  motion,  and 
the  surface  exchange  of  relative  angular  momentum  by  oceanic  and  contin- 
ental friction  and  mountain  torque  are  computed. 

The  overall  picture  given  by  the  model  is  realistic.  The  global 
atmosphere  angular  momentum  is  in  general  drained  by  the  mountain  torques 
and  created  by  the  surface  friction.   From  Figs.  1  and  2  we  can  deduce 
that  the  global  relative  angular  momentum  in  the  upper  layer  is  a  balance 
between  the  downward  transfer  and  the  transformation  of  fi-momentum  into 
relative  angular  momentum,  whereas  the  global  relative  angular  momentum 
in  the  lower  layer  is  a  balance  between  the  downward  transfer  from  the 
upper-layer  and  the  transformation  of  relative  angular  momentum  into  Q- 
momentum.  The  subtropical  jets  are  maintained  by  a  balance  between  the 
Coriolis  torques  on  the  poleward  branches  of  the  Hadley  circulations  and 
the  downward  transfers  and  divergent  poleward  fluxes,  whereas  the  upper 
westerlies  in  higher  latitudes  are  maintained  by  a  balance  between  the 
convergent  poleward  fluxes  and  the  downward  transfer  and  Coriolis  torque 
on  the  equatorward  branches  of  the  Ferrel  circulation. 

Fig.  3  shows  that  the  mountain  torques  are  downward  momentum  trans- 
fers with  a  maximum  at  30  N  and  another  at  20°S  except  for  minor  upward 
transfers  in  the  northern  equatorial  latitudes  and  north  of  60°N,  and 
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the  frictional  torques  are  upward  momentum  transfers  in  the  subtropics 
and  downward  transfers  in  the  middle  latitudes,  and  generally  dominate 
the  mountain  torques  except  in  the  Northern  Hemisphere  middle  latitudes. 

It  is  found  from  Fig.  4  that  midlevel  convection  is  a  negligible 
component  in  the  momentum  balance,  and  the  midlevel  pressure  torque 
is  a  significant  downward  transfer  only  in  the  Northern  Hemisphere 
middle  latitudes  where  the  major  mountains  of  the  model  exist.   The 
momentum  transfers  by  penetrating  convection  and  background  viscosity 
are  comparable  and  generally  downward,  except  for  the  upward  momentum 
transfer  by  the  penetrating  convection  at  the  latitudes  near  the  Equator, 
Finally,  from  Fig.  5  we  see  that  the  standing  mean  motion  transports 
momentum  downward  in  the  subtropics  and  upward  in  higher  latitudes, 
whereas  the  standing  eddy  and  transient  motions  are  negligible  compo- 
nents of  the  momentum  balance  except  for  the  significant  upward  trans- 
fers by  the  transient  motion  in  the  roaring  forties  of  the  Southern 
Hemisphere. 


Hellerman,  S. ,  1967:   An  updated  estimate  of  the  wind  stress  on  the  world 
ocean.  Mon.    Wea.   Rev.,    95,    607-626.   Corrigendum  on  Mon.    Wea. 
Rev.,    96 ,    63-74. 

Newton,  C.  W. ,  1971:  Mountain  torques  in  the  global  angular  momentum 
balance.  J.   Atmos.    Sci.  3    28,    623-628. 

Oort,  A.  H. ,  and  E.  M.  Rasmusson,  1971:   Atmospheric  circulation  statis- 
tics.  NOAA  Prof.  Paper  5,  U.S.  Department  of  Commerce,  Rock- 
ville,  MD,  323  pp. 
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UPWARD  FLUX  OF  RELATIVE  ANGULAR  MOMENTUM  BY  SIGMA-VELOCITY 
AND  PRESSURE  TORQUE  AT  MID-LEVEL   (IO,8Nm) 

JANUARY   YEAR  1  tqtal  

STANDING    MEAN     


STANDING  EDDY      

TRANSIENT  PART   


-> — r 


i — r 


♦  Stonding  meonl   Oort  and 
e  Stonding  eddy  J   Rosmusson 


1        |        i        |        i        | 
SIGMA-VELOCITY 


(1971) 
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PRESSURE  TORQUE 


_i L 


40S    60S 
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Fig.  5.  Mid-level  momentum  transfer  by  sigma-velocity  (upper 

panel)  and  pressure  torque  (lower  panel)  for  January  of 
Year  1.   The  total  is  shown  by  solid  curves,  standing 
mean  motion  by  short-dashed  curves,  standing  eddy  motion 
by  long-dashed  curves,  and  transient  motion  by  dotted 
curves.  The  observed  vertical  transfer  at  600  mb  from 
Oort  and  Rasmus  son  (1971)  is  shown  by  crosses  for  the 
mean  meridional  circulation  and  by  open  circles  for 
the  stationary  eddies. 
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Comparison  of  the  Earth-atmosphere  Radiation  Budget  and  Albedo  Determined 
by  a  Climate  Model  and  by  Satellite  Observations* 

Julian  Ad em 

Centro  de  Ciencias  de  la  Atmosfera  y  Facultad  de  Ciencias, 

UNAM,  Mexico  20,  D.  F.  and 
Lamont-Doherty  Geological  Observatory  of  Columbia  University 

Palisades,  N,  Y.  10964 
and 

William  L.  Donn 

Lamont-Doherty  Geological  Observatory  of  Columbia  University, 

Palisades,  N.  Y.  10964 


Winston  et_  al.  (1979)  have  published  global  charts  and  zonally 
averaged  values  of  the  outgoing  long-wave  radiation,  the  absorbed  solar 
radiation, net  radiation9and  the  planetary  albedo  for  the  period  June  1974 
to  February  1978.   These  data  can  be  used  to  test  how  realistic  is  the 
radiation  budget  generated  internally  in  a  climate  model.   The  comparison 
of  the  satellite  observations  with  the  model  computations  may  allow  an 
improvement  in  the  parameterization  of  the  radiation  budget  used  in  the 
models,  but  also  it  can  possibly  be  used  to  improve  the  satellite  values 
by  suggesting  an  adjustment  in  their  calibration. 

The  climate  model  used  in  these  computations  is  the  hemispheric  low 
resolution  grid  model  developed  by  one  of  the  authors,  and  which  is 
described  in  a  recent  paper  (Adem,  1979).   The  model  generated  charts  of 
forecasts  of  temperature  and  precipitation  as  well  as  of  the  heating 
functions  involved  for  the  12  months  of  the  year.   However,  we  show 
here  only  the  results  for  the  months  at  the  middle  of  the  seasons. 

Figures  1  to  8  show  maps  of  the  absorbed  solar  radiation,  the  outgoing 
long  radiation,  the  net  radiation^ and  the  planetary  albedo  for  January  and 
July.   Parts  A  and  C  are  the  satellite-derived  values  and  parts  B  and  D  the 
corresponding  values  computed  by  the  model.   There  is  an  overall  good 
agreement.   However,  there  exist  discrepancies  which  vary  with  the 
geographic  position  and  the  time  of  the  year. 

In  .order  to  determine  the  average  differences  at  each  latitude  a 
comparison  of  the  zonally  averaged  values  is  also  presented.   Fig.  9  shows 
the  zonally  averaged  values  of  outgoing  longwave  radiation  and  absorbed 
solar  radiation  for  October,  January,  Apriljand  July.   The  values  estimated 
from  the  satellite  data  and  from  the  model  are  shown  for  the  outgoing 
radiation  by  the  dashed  and  the  dotted  lines, respectively> and  for  the 
absorbed  solar  radiation  by  the  solid  and  the  dotted-dashed  lines,  respectively, 
This  figure  shows  good  agreement  of  the  computed  values  with  the  satellite 
observations.   However,  in  general  the  computed  values  are  smaller  than 
the  satellite  values. 
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Figures  10  and  11  show  the  zonally  averaged  values  of  the  net 
radiation  and  of  the  albedo,  respectively.   The  solid  lines  correspond  to 
the  satellite  observations  and  the  dashed  lines  to  the  values  computed  by 
the  model.   According  to  Fig.  10  the  net  radiation  computed  by  the  model 
and  determined  from  satellite  observations,  respectively,  agree  quite  well. 

Fig.  11  shows  that  the  albedo  values  computed  by  the  model  are,  in 
general,  higher  than  those  derived  from  satellite  observations.   The  largest 
discrepancies  occur  in  April. 

Table  1  shows  the  differences:   satellite  values  minus  computed  values 
of  absorbed  solar  radiation  (ABS) ,  outgoing  longwave  radiation  (OUT)  and 
net  radiation  (NET)  for  October,  January,  April,  and  July. 

Table  2  shows  the  annual  averages  of  the  differences  of  the  satellite 
values  minus  the  computed  values  of  the  radiation  components. 
The  satellite  values  for  the  absorbed  and  the  outgoing  radiations  are  for 
all  latitudes  larger  than  the  model  values.   In  lower  and  in  middle 
latitudes  the  differences  for  the  absorbed  and  the  outgoing  radiation  are 
of  the  same  order  of  magnitude  and,  therefore,  yield  very  small  differences 
for  the  net  radiation.   In  higher  latitudes  the  differences  for  the  absorb- 
ed radiation  are  much  smaller  than  those  for  the  outgoing  radiation  and, 
therefore,  the  net  radiation  differences  are  of  the  same  order  of  magnitude 
of  those  for  the  outgoing  radiation. 

Table  3  shows,  in  percent,  the  differences  of  the  satellite  values 
minus  the  computed  values  of  the  albedo,  in  the  Northern  Hemisphere,  for 
October,  January,  April,  and  July,  as  well  as  for  the  annual  average  also. 
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TABLE  1. 


Zonally  averaged,  Northern  Hemisphere  differences  of 
satellite  values  minus  model  computed  values  of  absorbed 
solar  radiation  (ABS)  outgoing  longwave  radiation  (OUT) 
and  net  radiation,  in  WM~  . 


LAT. 

OCTOBER 

JANUARY 

APRIL 

JULY 

ABS 

OUT 

NET 

ABS 

OUT 

NET 

ABS 

OUT 

NET 

ABS 

OUT 
15 

NET 

20 

20 

18 

2 

5 

20 

-15 

35 

22 

13 

20 

5 

30 

15 

25 

-10 

0 

25 

-25 

25 

20 

5 

20 

15 

5 

40 

15 

22 

-7 

10 

25 

-15 

25 

25 

0 

30 

20 

10 

50 

20 

30 

-10 

10 

30 

-20 

40 

30 

10 

28 

25 

3 

60 

10 

30 

-20 

0 

40 

-40 

-10 

35 

-45 

15 

25 

-10 

70 

10 

35 

-25 

-5 

44 

-49 

0 

50 

-50 

0 

25 

-25 

80 

10 

40 

-30 

-5 

60 

-65 

1  10 

45 

-35 

10 

35 

-25 

TABLE  2.   Annual  zonally  averaged,  Northern  Hemisphere  differences  of 
satellite  values  minus  model  computed  values  of  absorbed 
solar  radiation  (ABS).  outgoing  longwave  radiation  (OUT)  and 
net  radiation,  in  WM~  . 


LAT 

ABS 

OUT 

NET 

20 

20 

19 

1 

30 

15 

21 

-6 

40 

20 

23 

-3 

50 

25 

29 

-4 

60 

4 

32 

-29 

70 

1 

38 

-37 

80 

6 

45 

-39 

TABLE  3.   Zonally  averaged,  Northern  Hemisphere  differences  of 

satellite  values  minus  model  computed  values  of  albedo, 
in  percent. 


LAT. 

OCT. 

JAN. 

APRIL 

JULY 

ANNUAL 

20 

5 

1 

10 

7 

6 

30 

2 

0 

8 

4 

3 

40 

2 

5 

10 

5 

5 

50 

4 

7 

13 

4 

7 

60 

2 

4 

0 

5 

3 

70 

2 

0 

0 

0 

0 

80 

- 

- 

-5 

-10 

-8 
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A  and  C:   From  satellite  data 
and  D:   From  climate  model 
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A  and  C:   From  satellite  data 
B  and  D:   From  climate  model 
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A  and  C:   From  satellite  data 
B  and  D:   From  climate  model 
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A  and  C:   From  satellite  data 
B  and  D:   From  climate  model 
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A  and   C:      From  satellite  data 
B    and   D:      From   climate   model 
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A  and  C:   From  satellite  data 
B  and  D:   From  climate  model 
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A  and   C:      From  satellite  data 
B    and   D:      From    climate   model 
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A  and  C:   From  satellite  data 
B  and  D:   From  climate  model 
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Fig.  9.   Northern  Hemisphere  zonally  averaged  values  of  absorbed  solar  radiation  derived  from 

satellite  data  (solid  line)  and  from  model  computations  (dashed-dotted  line);  and  of 

outgoing  longwave  radiation  derived  from  satellite  data  (dashed  line)  and  from  model 
computations  (dotted  line). 
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Fig.  10.  Northern  Hemisphere  zonally  averaged  values  of  net  radiation  derived  from  satellite 
data  (solid  line)  and  from  model  computations  (dashed  line). 
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Fig.  11.  Northern  Hemisphere  zonally  averaged  values  of  albedo  derived  from  satellite  data 
(solid  line)  and  from  model  computations  (dashed  line). 
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STUDIES  OF  THE  RADIATION  BUDGET  AND  CLOUDINESS 
IN  A  CIRCULATION  MODEL  AND 
BY  SATELLITE  DATA 


E.  Raschke,  A.  Hense,  H.-J.PreuB  and  E.  Ruprecht: 

Institut  of  Geophysics  and  Meteorology,  University 
5  Koln  41  ,  Germany 

F.  Geleyn:  European  Center  for  Medium  Ranqe  Weather  Forecasts 

Reading,  Berkshire,  England 

For  the  period  of  5-25  Febr.  1976  the  radiation  budgets  computed  with 
the  numerical  forecast  model  of  the  European  Center  for  Medium  Range 
Weather  Forecasts  in  Reading,  England,  is  compared  with  measurements 
made  with  the  NOAA-scanning  radiometers. 

In  the  model  the  radiative  transfer  has  bee.n  calculated  with  two 
different  versions  of  a  modified  two-stream  routine  using  only  the  model 
parameters  as  input  data(Geleyn+  Hollysworth,  1979).  Clouds  have  been 
generated  based  on  the  relative  humidity  and  the  vertical  instability 
(Geleyn,  1980).  We  assumed  a  most  probable  overlap  and  also  a  random 
distribution  of  clouds  present  in  all  layers,  the  NOAA-data  were  re- 
ceived on  tape  from  the  archive.  Since  here  a  period  of  only  10  days 
has  been  considered  we  limited  our  interest  to  the  time  history  of 
radiation  budget  components  at  the  top  of  the  atmosphere. 

Several  figures  have  been  shown: 

Comparison  of  zonal  averages  of  the  planetary  albedo  and  heat  exitance, 
and  time  histories  of  computed  and  measured  radiation  budget  during  the 
period. 

The  circulation  model,  starting  on  1 5  February  with  an  initialized 
field,  suffers  a  considerable  "radiation  shock"  during  the  first  two 
days  of  integration,  where  the  cloudiness  and  consequently  the  plane- 
tary albedo  increases (Fig. 1 ) .  The  two  cloud-paramatrization  schemes 
lead  to  entirely  different  values  of  the  global  cloud-coverage* 
While  the  radiant  heat  exitance  to  space,  depending  primarily  on  the 
surface  temperatures  and  cloud-top  heights,  computed  with  both  schemes, 
compares  satisfactorily  with  the  measurements (Fig. 2) ,  the  planetary 
albedo  differs  considerably  over  subtropical  and  tropical  regions. 

The  radiation  routine  of  the  University  of  Cologne  used  in  the  model 
still  overestimates  the  reflected  solar  radiation,  because  this  model 
overestimates  the  optical  thickness  of  computed  cloudf ields (Thus  both 
methods  need  a  careful   redesign) .  On  the  other  side,  the  radiation 
budget  data  as  derived  from  the  operational  NOAA-satellite  scanning 
radiometers  have  various  systematic  errors:  measurements  in  narrow 
spectral  intervals,  incomplete  angular  corrections,  calibration 
problems.  Therefore  we  intend  to  repeat  these  studies  for  the  same  time 
period  and  also  for  a  period  within  October  1979,  where  also  data  of 
the  Nimbus  7  ERB-radiometers  are  available. 
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SIMULATION  OF  A  BLOCKING  EVENT  IN  JANUARY  1977 

K.  Miyakoda,  T.  Gordon,  R.  Caverly,  W.  Stern,  J.  Sirutis,  and  W.  Bourke 

Geophysical  Fluid  Dynamics  Laboratory /NOAA 

Princeton  University 

Princeton,  New  Jersey  08540 


Several  numerical  simulations  of  January  1977  were  generated  by 
GFDL's  finite  difference  and  spectral  general  circulation  models  in 
conjunction  with  the  use  of  the  so-called  A2  and  E4  vertical  turbulent 
parameterization  schemes.   The  purpose  of  these  simulations  is  to  assess, 
for  the  sake  of  model  development,  the  impact  that  different  numerical 
formulations  and  physics  parameterization  schemes  have  on  a  30-day 
global  numerical  simulation.   Particular  attention  is  focussed  on  the 
rather  anomalous  blocking  ridge  that  persisted  over  the  west  coast  of 
North  America  throughout  the  month  of  January. 

Apart  from  the  numerics  and  a  somewhat  different  horizontal  resolution, 
the  two  GCM's  were  identical  in  that  they  integrated  the  same  set  of 
primitive  equations  in  9  sigma  levels  using  the  same  climatological 
forcing.   The  A2  physics  makes  use  of  a  constant  neutral  surface  drag 
coefficient,  Prandtl  mixing  in  the  Ekman  layer,  and  no  turbulent  transport 
in  the  free  atmosphere  so  that  convective  adjustment  is  necessary.   The 
E4  physics  is  much  more  physically  realistic  than  the  simple  A2  physics. 
Monin-Obukhov  similarity  theory  is  used  to  compute  a  stability  dependent 
surface  drag  coefficient,  and  the  Mellor-Yamada  level  2.5  second-order 
turbulent  closure  scheme  is  used  throughout  the  atmosphere.   The  latter 
scheme  explicitly  computes  the  transport  of  heat  so  that  the  model's 
atmosphere  can  mix  towards  a  stable  lapse  ratej  thus  eliminating  the  need 
for  dry  convective  adjustment. 

The  limit  of  deterministic  prediction  is  about  10  days,  because  the 
predictability  of  the  short  waves  fails  after  this  period.   We  hypothesize 
that, if  a  numerical  model  realistically  treats  all  the  physical  processes 
and  is  of  sufficient  resolution,  the  planetary  waves  can  be  well-predicted 
throughout  a  long  range  Integration.   To  better  appreciate  the  planetary 
wave  forecast,  the  ill- predicted  short  wave  noise  can  be  filtered  out  by 
time  averaging  the  daily  deterministic  forecasts.   Our  hypothesis  can  be 
illustrated  by  showing  what  happens  to  the  skill  of  the  time  averaged 
forecasts  as  the  averaging  time  increases.   In  Figure  1  the  daily  and 
the  5-,  10",  20, and  30-day  running  mean  500-mb  geopotential  height  correla- 
tions between  the  E4  grid  point  model  forecast  and  NMC's  analysis  are 
plotted  as  a  function  of  time.   Also  plotted  for  reference  is  the  10-day 
mean  persistence  curve.   It  is  clear  from  Figure  1  that  as  the  averaging 
time  is  increased,  the  skill  increases  and  becomes  more  stable  with  time. 
This  happens  only  for  models  that  do  not  bias  in  some  way  the  forecast 
of  the  planetary  waves. 

The  performance  of  the  other  January  1977  simulations,  particularly 
those  produced  by  the  spectral  models,  fail  to  predict  well  the  planetary 
waves.   To  show  this,  the  10-day  running  mean  500-mb  geopotential  height 
correlations  of  all  the  simulations  are  plotted  in  Figure  2  where  it  can 
be  seen  that  the  spectral  model  forecasts  of  the  planetary  waves  progres- 
sively decay  with  time.   It  is  also  evident  in  Figure  2  that  the  more 
sophisticated  physics  greatly  improves  both  the  grid  point  and  spectral 
model  forecasts  of  the  planetary  waves. 
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In  order  to  conveniently  show  the  daily  forecasts  of  selected  simu- 
lations, HovmtJller  diagrams  were  constructed  using  the  40°  to  50°  meri- 
dionally  averaged  500- mb  geopotential  heights  from  NMC's  analysis,  the 
grid  point  A2  and  E4  model  forecasts,  and  the  spectral  A2  model  forecast. 
These  diagrams  are  compared  to  each  other  in  Figures  3  and  4.   The 
stationarity  and  amplitude  of  the  Aleutian  low,  the  blocking  ridge,  and 
the  Eastern  United  States  trough  are  simulated  by  the  grid  point  E4  model  even  to 
the  extent  that  some  hint  is  evident  of  the  deepening  of  the  eastern  United  States 
trough  in  the  last  5  days  of  January.   Like  the  E4  physics,  the  A2  physics 
scheme  in  the  grid  point  model  gives  a  forecast  similar  in  appearance  but 
is  not  able  to  develop  the  amplitude  of  the  blocking  ridge  to  the  same 
extent  as  the  E4  physics.   The  A2  spectral  model  loses  completely  the 
amplitude  and  stationarity  of  the  blocking  ridge  and  adjacent  U.S.  trough 
by  day  20.   Though  not  shown^  the  E4  spectral  model  was  able  to  maintain 
some  amplitude  of  the  blocking  ridge  but  could  not  simulate  its  stationarity. 

The  day  10  and  the  25- to  30-day  mean  500- mb  geopotential  height  fields 
forecasted  by  the  A2  and  the  E4  grid  point  and  spectral  models  are  compared 
to  each  other  in  Figures  5  and  6,  respectively.   The  difference  between 
these  forecasts  is  not  so  great  by  day  10,  but  the  difference  is  quite 
substantial  for  the  25-30  day  mean.   These  figures  show  that  the  two 
spectral  model  forecasts  have  more  of  a  tendency  towards  zonality  than 
the  two  grid  point  model  forecasts.   Similarily,  the  A2  physics  has  more 
of  a  tendency  to  inject  zonality  into  its  forecast  than  does  the  E4  physics. 
Why  the  GFDL  spectral  numerical  formulation  should  more  zonally  bias  the 
forecast  than  the  finite  difference  formulation  is  not  clear.   As  for  the 
physics  parameterization  schemes,  the  land-sea  and  other  surface  contrasts 
are  more  retained  by  the  Monin-Obukhov  surface  physics  and  are  more 
realistically  mixed  aloft  by  the  Mellor-Yamada  turbulent  closure  scheme 
than  does  the  A2  physics.   With  more  retention  of  zonal  structure,  it 
seems  reasonable  to  believe  that  the  E4  physics  should  retain  more  of  the 
meandering  nature  of  the  westerlies  as  observed  in  Figure  5.   It  appears 
that  the  less  zonal  bias  a  model  gives  to  its  forecast  the  better  its 
chances  of  simulating  a  block  in  the  westerlies.   This,  we  believe,  is  the 
reason  for  the  success  of  the  grid  point  E4  model  simulation  of  the 
January  1977  blocking  event. 

In  Figure  7  the  last  20-day  mean  500-mb  geopotential  height  field 
of  the  grid  point  E4  forecast  and  NMC's  analysis  are  shown  along  with  the 
January  climatology.   The  associated  observed  and  forecasted  anomalous 
500-mb  height  fields  are  compared  to  each  other  in  Figure  8.   One  observes 
that  the  unusually  high  pressure  polar  vortex  was  not  forecasted  at  all, 
the  forecasted  Aleutian  negative  anomaly  is  displaced  over  Eastern  Asia, 
and  the  Eastern  United  States  trough  was  extended  out  into  the  Atlantic  by  the  model 
to  cause  a  rather  large  unobserved  negative  anomaly  there.   In  spite  of 
these  failures,  the  last  two  of  which  might  be  improved  upon  by  using  the 
anomalous  sea  surface  temperatures,  the  blocking  ridge  and  Eastern  United  States 
anomalies  and  the  other  anomalies  over  North  America,  Greenland,  Western 
Europe, and  North  Africa  are  sufficently  well- forecasted  to  lend  additional 
optimism  to  the  eventual  success  of  monthly  numerical  prediction. 
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Figure  1.  The  daily  (open  circles)  and  the  5,10,20  (open  ovals)  and  the 

30-day  (open  rectangle)  running  mean  500-mb  geopotential  height 
correlations  between  the  grid  point  E4  model  forecasts  and  NMC 
analysis.   For  clarity  the  one  day  persistence  (P  1  day;  solid 
circles)  is  not  continued  byond  day  10  as  this  curve  oscillates 
within  the  other  curves.   The  10-day  running  mean  persistence 
curve  (solid  ovals)  is  also  shown  and  was  computed  using  the 
Dec.  23,  1976^  to  Jan.  1,  1977,  mean  500-- mb  geopotential  heights. 
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Figure  2.  The  10-day  running  mean  500- mb  geopotential  height  correlations 
between  all  the  model  forecasts  and  NMC  analysis.   The  10-day 
running  mean  persistence  is  shown  as  solid  ovals  and  is  the 
same  persistence  curve  shown  in  Figure  1.   N48  or  N  refers  to 
the  grid  point  model  forecasts;  R30  or  R  refers  to  the  spectral 
model  forecasts;  the  A  and  E  refer  to  the  A2  and  E4  physics 
parameter izations,  respectively;  the  del  4  refers  to  the  uses 
of  linear  diffusion  where  all  other  forecasts  not  marked  by 
del  4  used  nonlinear  diffusion. 
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R30L9-E4 


N48L9-E4 


Day  10 


Figure  5.  The  day  10  500-mb  geopotential  height  fields  of  the  NMC  analysis 
(obs),  the  spectral  A2  and  E4  forecasts  (R30L0-A2;  E4),  and  the 
grid  point  model  forecasts  (N48L9-A2;  E4) . 
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Figure  6.  The  25- to  30-day  mean  500-mb  geopotential  fields  of  the  NMC 

analysis  (obs),  the  spectral  model  A2  and  E4  forecasts  (R30L9-A2; 
E4),  and  the  grid  point  A2  and  E4  model  forecasts  (N48L9-A2;  E4)! 
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Figure  8.  The  10-30  day  mean  500- mb  geopotential  height  anomaly  (Figures 
7b  and  7  c  minus  climatology)  fields  for  (a)  observations  (NMC's 
analysis),  and  (b)  grid  point  E4  model  forecast. 
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SOME  PRELIMINARY  THOUGHTS  ON  COMPARING  GENERAL  CIRCULATION  MODELS 

WITH  OBSERVED  DATA  FIELDS 

R.  W.  Preisendorfer  and  T.  P.  Barnett 

Methods  for  rigorously  comparing  the  full  output  from  general  circulation 
models  (GCM)  with  observed  data  fields  are  generally  not  at  hand.  The  limited 
methods  that  could  be  used  for  these  purposes,  where  available,  are  generally  not 
applied  to  evaluate  the  validity  of  the  GCM.  With  this  in  mind  we  are  striving 
to  find  simple,  yet  rigorous,  means  for  determining  the  validity  of  first  and 
second  moments  of  the  fields  produced  by  the  general  circulation  models. 

One  of  the  approaches  we  are  investigating  that  appears  promising  is  that 
of  the  minimal  spanning  tree.  This  technique  essentially  works  with  the  relative 
separations  and  connections  between,  say,  two  clusters  of  data.  Examples  of 
typical  clusters  are  shown  in  Figures  1  and  2.  In  both  cases  the  clusters  have 
been  centered  on  zero  mean  so  we  are  looking  at  a  measure  of  the  variability  of 
the  data  fields.  Suppose  one  were  to  ask,  with  regard  to  Figure  1,  are  the  two 
data  sets  different?  The  answer,  from  looking  at  the  diagram,  would  be  clearly 
yes.  Realizing  that  the  diagram  consists  of  January  (X)  and  August  (0)  monthly 
temperatures  for  Charleston  and  Jacksonville,  one  would  say  that  intuition 
has  been  correct.  The  second  diagram,  on  the  other  hand  shows  the  January  (X) 
and  February  (0)  temperatures  again  at  these  two  southern  stations.  If  one 
were  now  asked,  is  February  significantly  different  from  January  at  the  two 
stations,  the  answer  would  not  be  so  clear.  The  minimum  spanning  tree  approach, 
however,  is  designed  to  quantitatively  just  make  such  destinctions. 

So  far  results  with  this  method  have  been  encouraging.  We  are  presently 
engaged  in  measuring  the  "power"  of  the  technique  with  respect  to  various  of 
its  competitors.  Figure  3  shows  examples  of  these  power  tests. 
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The  upper  panel  shows  the  results  for  what  we  call  a  scale  test,  i.e., 
is  the  scatter  of  the  two  data  sets  in  Figures  1  and  2  the  same  or  not?  Given 
an  idealized  data  set,  we  can  make  many  simulations  of  the  minimum  spanning  tree 
approach  to  arrive  at  an  estimate  of  what  percentage  of  the  time  the  technique 
would  be  able  to  discern  between  two  data  sets  that  had  similar,  but  different, 
standard  deviations.  The  upper  diagram  shows  that  if  one  data  set  had  variance 
equal  a   and  the  other  variance  0.8  a   and  then  with  90%  confidence  (power  =  0.9) 
we  would  be  able  to  say  that  the  data  sets  were  drawn  from  different  populations. 

The  lower  panel  of  Figure  3  shows  what  we  call  a  location  test,  i.e.,  a 
test  of  the  difference  of  the  mean  fields  between  two  given  data  sets.  It  is 
also  possible  on  this  diagram  to  show  the  power  of  the  Hotelling's  T2  test,  the 
classical  way  of  measuring  the  statistical  similarity  between  two  mean  fields 
when  each  field  has  the  same  variance.  The  test  shows  that  the  minimum  spanning 
tree  approach  is  only  slightly  less  powerful  than  the  Hotelling  T2  test.  However, 
the  results  show  that  if  the  variability  of  the  two  fields  that  are  being  compared 
is  different,  e.g.,  a,  =  1 ,  a«  =  0.2,  then  the  Hotelling  approach  has  no  power 
for  relative  offset  of  one  unit  between  the  fields,  i.e.,  the  testing  procedure 
is  inapplicable.  The  same  restriction  does  not  apply  to  the  minimum  of  spanning 
tree  method. 

We  are  now  actively  developing  a  battery  of  tests  that  can  be  used  to 
evaluate  the  similarity  in  space  and  time  of  any  two  fields,  be  they  a  comparison 
of  model-data,  a  comparison  of  model-model,  or  finally  an  intercomparison  of  two 
supposedly  similar  data  fields.  We  feel  that  these  tests,  when  finished,  will 
be  of  particular  use  in  a  wide  range  of  geophysical  problems. 
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Atmospheric  Response  To  Sea  Surface  Temperature  Anomalies 

Peter  J.  Webster 
CSIRO  Division  of  Atmospheric  Physics,  Aspendale,  Victoria,  Australia 


A  simple  model  is  used  to  study  the  mechanisms  which  control  the  local 
and  remote  (teleconnection)  response  of  the  atmosphere  to  the  thermal  forcing 
resulting  from  sea  surface  temperature  (SST)  anomalies  located  at  various 
latitudes.   The  model  chosen  is  a  linear  baroclinic  spherical  primitive 
equation  model  containing  a  zonally  symmetric  basic  state  with  horizontal 
and  vertical  shear  which  resembles  the  observed  annual  mean.   A  total  quasi- 
non-linear  diabatic  heating  format  which  reacts  to  the  sea-surface  tempera- 
ture anomaly  is  developed. 

Depending  upon  the  latitudinal  location  the  SST  anomaly  two  major 
limits  of  atmospheric  response  may  be  identified.   The  first,  the  "diabatic 
limit",  occurs  with  the  SST  anomaly  embedded  in  weak  low— latitude  basic  flow 
and  results  in  a  strong  enhancement  of  the  initial  anomaly  response  through 
a  vigorous  positive  dynamics-diabatic  heating  feedback.   Strong  teleconnec- 
tions  are  evident  between  low  and  high  latitudes.   The  second  domain,  the 
"advective  limit",  occurs  when  the  SST  anomaly  is  placed  at  higher  latitudes 
in  the  vicinity  of  the  westerly  maximum.   The  local  response  is  extremely 
small  due  to  the  creation  of  an  indirect  zonal  circulation  in  the  vicinity 
of  the  anomaly  which  is  related  to  the  strength  of  the  local  basic  flow  and 
the  latitude  of  the  forcing  due  to  rotational  limitations  on  the  relative 
scale  of  the  vertical  velocity. 

Fig.  1  shows  the  vertical  velocity  response  of  the  model  atmosphere 
relative  to  the  influence  of  an  SST  anomaly  centered  at  the  solid  circle. 
As  the  SST  anomaly  is  moved  from  u0  =  0.1  (7°N)  to  u0  =  0.6  (37°N)3  the 
vertical  velocity  response  decreases  in  amplitude  and  the  rising  motion 
tends  towards  quadrature  with  the  heating,  clearly  indicating  the  diabatic 
and  advecture  limits  of  the  response.   Figs.  2  and  3  show  the  upper  tropos- 
pheric  model  response  (geopotential  and  velocity  vector)  for  the  u0  =  0.1 
and  0.6  cases. 

The  model  results  are  used  to  interpret  the  experiments  of  general 
circulation  models  (GCM)  and  provide  a  rationale  for  the  existence  of 
teleconnections  -found  between  low  and  high  latitudes  when  SST  anomalies 
were  imposed  in  the  equatorial  oceans. 

GCM  experiments  fall  into  two  classes.   Experiments  in  which  the  SST 
anomaly  is  placed  near  the  Equator  show  a  strong  local  response  near  the 
Equator  and  a  significant  response  at  high  latitudes,  whereas  when  the 
anomaly  is  at  high  latitude  the  response  is  minimal.   As  the  GCM's  used 
January  or  mean  annual  insolation  distributions,  their  response  is  inter- 
preted as  approximating  the  "diabatic"  limit  with  an  equatorial  anomaly 
and  an  "advective"  limit  when  the  anomaly  is  at  high  latitudes.   Further- 
more, the  results  suggest  why  "super-SST-anomalies"  were  required  in  mid- 
latitudes  in  some  GCM  experiments  in  order  to  produce  a  response  which 
was  measurable  above  the  "noise  level"  of  the  model. 
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The  model  results  are  used  to  interpret  the  apparent  paradox  shown 
by  the  statistical  observations  of  Namias  and  Davis.   It  is  suggested  that 
SST  anomalies  in  the  winter  middle  and  higher  latitudes  possess  little 
climatic  influence  because  the  response  is  in  the  advective  limit.   On  the 
other  hand,  the  influence  of  the  SST  anomalies  in  the  summer  middle  and 
high  latitudes  will  be  greater  as  with  the  significantly  smaller  basic 
westerly  winds,  the  response  is  closer  to  the  "diabatic"  limit  than  the 
"advective"  limit. 
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Fig.l:   Converged  vertical  velocity 
fields  (units  10~3N  in  2s_1)  fgr  SST 
anomaly  locations  5.7  N,  11.5  N,  and 
36.9  N.   Solid  circle  indicates  the 
location  of  the  heating  maximum. 
Negative  values  indicate  rising  motion. 
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Figure  2.   Associated  fields  of  horizontal  velocitv 
and  geopotential  (units:  m)  at  250  mb  for  the  SST 
anomaly  located  at  u   =  .1  (7  N)  .   Velocity  vector 
scale  denoted  in  bottom  left  corner  of  panel. 
Vectors  of  magnitude  less  than  .5  m  s~*  are  omitted. 


\|/  (250mb) 


H-     0 


-1 


/I0r06 


Figure  3:   Same  as  Fig. 2,  but  for  the  SST  anomaly 

located  at  u  =  .6  (36.0  N) . 
o 
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Measuring  Skill  In  Climate  Model  Forecasts 

Lt  Col  Gerald  J*  Dittberner 
USAF  Environmental  Technical  Applications  Center 
Scott  AFB  IL  62225 


Lt Introduction 

How  good  is  a  set  of  climate  forecasts?  More  fundamentally,  at  a  time 
when  current  methods  have  notoriously  limited  skill,  can  it  be  shown  that 
such  a  method  has  skill  at  all?  Answers  to  these  questions  require  an 
organized  framework  in  which  to  exercise  carefully  conceived  procedures* 

We  have  developed  a  quantitative  evaluation  capability  in  an  attempt  to 
determine  if  models  have  skill*  It  uses  the  probability-based  skill  score 
developed  by  I,  Gringorten  (1965)  of  the  Air  Force  Geophysics  Laboratory 
(AFGL)*  Using  Pp  for  the  cumulative  climatic  probability,  less  than  or  equal 
to  the  predicted  quantity  (F),  Py  for  the  cumulative  climatic  probability, 
less  or  equal  to  the  observed  (or  verified)  quantity  (V),  then  the  score 
(spy)  assigned  to  a  pair  (F,V)  is  given  by 

SFV  "  "  *n  {  (1-pF)Pv  }  "1  when  PV  -  PF 
=  -  In      {  (1-P  )P  )  -1  when  P  <  P 


For  example,  using  the  winter  of  1976  in  St  Louis,  we  find  that  the  mean 
winter  temperature  is  1*01C  and  the  standard  deviation  is  1*75C*  The 
observed  temperature  for  1976  was  2*0C,  which  gives  a  cumulative  probability 
of  0,715*  The  forecast  value  was  1.8C,  which  yields  a  cumulative  probability 
equal  to  0*681*  The  equation  above  then  yields  a  skill,  in  this  case,  of 
0*478* 

Other  attributes  of  the  scoring  system  are  illustrated  in  the  plot  of  Pp 
against  s  in  Figure  1*  The  range  of  possible  scores  depends  on  the  chosen 
forcast  (Pp),  "the  range  is  narrow  for  a  median  forecast,  but  can  vary  from 
-1*0  to  very  large  scores  when  a  rare  event  is  successfully  predicted.  An 
unskilled  forecast  always  has  an  expected,  or  average  value,  of  zero*  Hence, 
the  strategy  of  selecting  a  certain  forecast  for  perfect  forecasting  will 
vary  from  0*37  to  infinity,  still  averaging  1*0* 

Zx Procedure 

The  methodology  for  deciding  how  much  confidence  we  have  in  saying  a 
model  is  skillful  is  relatively  straightforward*  It  is  purposely  designed 
for  models  which  produce  forecasts  of  parameter  values,  i*e*,  10, 1C,  or  57mm* 

Step  1*  Write  down  the  confindence  level  above  which  you  are  willing  to  say 
that  skill  exists*  For  the  purpose  of  illustration,  we  choose  the  value  95$* 
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Step  2.  Design  a  theoretical  model  of  no  skill.  The  no-skill  model 
used  here  is  composed  of  actual  forecasts  and  random  observations. 
Since  we  found  that  the  distribution  of  skill  scores  depends, 
sometimes  significantly,  on  the  distribution  of  actual  scores,  this 
selection  automatically  accounts  for  the  bias  that  would  otherwise  be 
introduced. 

Step  3.  Generate  the  test  (no-skill)  distribution  of  skill  scores. 
This  can  be  done  in  several  ways.  One  is  by  selecting  a  large  number 
(say  18,496)  of  random  observations  for  each  normalized  forecast  value 
to  determine  the  skill  score  distribution  for  no-skill  forecasts. 
Another  is  the  calculate,  for  a  given  forecast  value,  the  probability 
that  chance  has  a  score,  s,  exceeding  some  specified  threshold  value, 
and  forming  a  histogram  of  scores  by  stepping  through  a  series  of 
threshold  values.  Further  details  can  be  found  in  Gringorten,  et  al . 
1980.  An  example  of  this  theoretical  distribution  can  be  seen  as  a 
solid  curve  in  Figure  2. 

Step  4.  Calculate  and  plot  the  distribution  of  actual  skill  scores, 
based  on  actual  forecasts  and  actual  observations.  This  is 
represented  in  Figure  2  by  the  dashed  line. 

Step  5.  Compare  the  two  distributions.  Use  one  of  the  many  standard 
statistical  tests  to  determine  the  level  of  confidence  with  which  one 
can  say  that  the  two  distributions  are  different.  We  compared  the 
percent  of  actual  scores,  beyond  the  point  at  which  there  are  10$  of 
the  no-skill  scores.  In  Figure  2,  we  found  12.1$  beyond  this  10$ 
point.  The  probability  of  attaining  12.1/5  when  only  10%  are  expected 
from  12,336  independent  samples,  is  much  much  less  than  one  in  ten 
thousand,  or,  a  confidence  of  greater  than  99 .  99%  that  the  two 
distributions  are  different.  Since  this  is  greater  than  the 
confidence  level  chosen  in  step  1 ,  we  conclude  that  the  model  in 
question  has  skill. 

We  must  point  out  here,  that  the  question  of  independence  was  not 
addressed  in  detail  and  remains  unresolved.  However,  even  if  the 
number  of  independent  scores  is  only  one  tenth  of  the  total  number  of 
scores,  the  confidence  level  decreases  only  to  about  99.5%.  This  can 
be  seen  by  comparing  the  likelihoods  expressed  in  Figures  5  (7550 
samples)  and  Figure  6  (6 18  samples). 

3.   Results 

Several  climate  models  have  been  subject  to  the  scrutiny  of  this 
evaluation  capability.   Some  results  are  shown  in  Figures  2-6. 

We  have  already  alluded  to  seasonal  temperature  forecasts  from  the 
USAFETAC  Sea  Level  Pressure  (SLP)  Analog  Model  (Schofield  and  Barnett, 
1978)  in  Figure  2.  Under  our  evaluation  technique,  this  model  is 
skillful. 

Among  other  models  we  examined,  a  version  of  the  University  of 
Wisconsin  model  called  "1980-MARK  II"  (details  are  presented  elsewhere 
in  this  volume)   is  also  deemed  skillful.    Figure  3  shows  the 
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evaluation  of  the  best  month  (March)  for  year-ahead  monthly 
temperature  forecasts.  Figure  4  shows  "all  months"  (we  did  not  have 
April  and  May).  We  conclude  that  these  year-ahead  forecasts  of 
monthly  mean  temperature  are  skillful. 

Figure  5  shows  the  evaluation  of  the  best  month  (March)  for 
year-ahead  precipitation  amount  forecasts  from  the  same  model,  and 
Figure  6  shows  the  "all  months"  (again  only  ten  months)  evaluation 
showing  skill  in  year  ahead  precipitation  forecasts. 

4 .   Conclusions 

In  conclusion: 

1.  We  have  developed  a  rudimentary,  quantative,  climate  model  skill 
evaluation  capability,  which  seems  to  successfully  indicate  the 
existence  of  skill. 

2.  Some  details  of  the  technique  remain  to  be  examined  further, 
notably  the  question  of  independence. 

3.  Several  models  were  examined,  leading  to  the  conclusions  that: 

a.  USAFETAC  SLP  Analog  forecasts  of  seasonal  mean  temperature  are 
skillful. 

b.  University  of  Wisconsin  1980-11  year-ahead  forecasts  of 
monthly  mean  temperature  are  skillful. 

c.  University  of  Wisconsin  198O-II  year-ahead  forecasts  of 
monthly  total  precipatation  are  skillful. 

4.  The  question  of  "how  good  forecasts  are"  is  a  different  question 
than  "can  the  existance  of  skill  be  demonstrated."  Only  the  latter 
has  been  addressed  here.  The  former  remains  as  a  continuing  challenge 
to  us  all . 
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On  the  Inherent  Superiority  of  the  Persister 
in  Forecasting  Markovian  Weather  Patterns 

Rudolph  W.  Preisendorfer 
Pacific  Marine  Environmental  Laboratory/NOAA 
3711  15th  Avenue  Northeast 
Seattle,  Washington  98105 

1 .  Introduction 

It  is  a  fact  that,  on  the  average,  the  predictions  of  seasonal  temperature 
and  precipitation  patterns  over  the  mainland  United  States  are  best  done  by 
the  method  of  persistence.  In  this  method,  one  simply  predicts  the  next  season's 
temperature  and  precipitation  pattern  by  using  as  the  prediction  the  current 
season's  temperature  and  precipitation  pattern.  Knowledgeable  forecasters, 
poring  over  their  charts  and  tables,  drawing  on  their  intuition  to  supplement 
hard  data,  and  placing  all  these  things  into  a  hopper  still  cannot  consistently 
beat  the  Persister,  i.e.,  the  forecaster,  using  the  method  of  persistence.  In 
this  article  we  cannot  give  a  full  analysis  of  this  interesting  state  of  affairs 
in  short-term  climate  predictability.  However,  we  will  perform  a  simple  thought 
experiment  in  which  three  well-known  types  of  'mechanical'  forecasters  are  given 
the  problem  of  forecasting  a  Markovian  weather  pattern  of  the  simplest  type 
The  forecasters  are:  the  Persister,  Markover,  and  the  Analoger.  In  this 
simple  setting  the  Persister's  superiority  is  again  evident.  Moreover,  having 
put  the  Persister  and  his  two  competitors  under  glass,  we  will  be  able  to  see, 
at  least  in  this  one  controlled  setting,  why  the  Persister  is  so  good.  Before 
defining  these  forecasters  in  the  context  of  the  present  discussion,  we  will 
review  briefly  the  notion  of  a  Markovian  weather  pattern. 

2.  Markovian  Weather  Patterns 

Picture  a  map  of  the  United  States  (say).  Fix  in  mind  a  point  on  the  map. 
Simplify  the  temperature  variations  at  that  point  so  as  to  be  describable  using 
only  A,  N,  and  B  classes  (above,  normal,  below).  As  time  goes  on  (season  to 
season,  say)  the  temperature  will  change  from  one  of  these  three  classes  to 
another  (possibly  the  same)  class.  Given  the  records  one  could  make  a  table 
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of  transition  probabilities  for  the  probability  of  going  from  one  state  to 
another  in  successive  seasons.   If  this  transition  probability  from  season  n 
to  n+1  depends  only  on  the  state  in  the  present  season,  i.e.,  season  n,  then 
the  weather  pattern  at  that  point  is  Markovian.   (If  the  transition  probability 
depended  on  the  states  in  one  or  more  seasons  in  the  past,  it  would  not  be 
Markovian,  but  rather  of  a  more  general  stochastic  kind.)  Therefore,  a 
Markovian  weather  pattern  can  be  characterized  by  a  3x3  matrix: 


W  = 


wll  w12  w13 
w21  w22  w23 

w31  w32  w33 


(2.1) 


where  w. .  gives  the  probability  that  the  weather  will  be  in  state  j  in  season 

■  J 

n+1  if  it  is  in  state  i  in  season  n.  Here,  for  notational  simplicity,  we  set 
1=B,  2=N,  3=A.  The  rows  and  columns  of  W  are  chosen  to  add  up  to  1 ,  in  order 
that  it  represent  a  regular  Markovian  weather  pattern. 

We  will  define  here  a  simple  instance  of  (2.1),  namely  a  one-parameter 
Markovian  transition  matrix  of  the  form 


W  = 


w  l/2(l-w)  l/2(l-w) 
1/20-w)  w  l/2(l-w) 
l/2(l-w)  l/2(l-w)     w 


(2.2) 


Here  w  is  the  weather  persistence  index,  o<w<l .  If  w  is  near  1,  the  weather  is 
highly  persistent.  If  w  is  near  0,  the  weather  is  highly  variable,  as  may 
be  checked  by  studying  (2.2) ,  and  recalling  the  meaning  of  w...  If  w=l/3, 
all  entries  of  W  are  1/3,  indicating  a  uniformly  random  occurrence  of  the 
three  states.  The  value  w=l/3  is  the  dividing  point  between  the  variable  and 
persistent  regimes  in  the  index  range  o<w<l . 
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3.  Markovian  Weather  Forecasters 

One  may  anticipate  a  better  performance  than  that  of  the  Persister  if 
the  forecaster  had  some  strategy  based  on  knowledge  of  past  weather  patterns, 
say  in  the  form  of  a  table  of  forecast  probabilities  of  the  form 


F  = 


fll  f12  f13 

f  f  f 

T21  22  T23 

f31  f32  f33 


(3.1) 


where  f. .  is  the  probability  of  the  prediction  being  in  state  j  in  season  n+1 
when  weather  is  in  state  i  in  season  n.  Such  a  table  can  be  made  from  the 
recorded  performances  of  a  given  forecaster.  The  structure  of  £  is  analogous 
to  that  of  W.  Hence  the  class  of  forecasters  following  the  strategy  summarized 
in  (3.1)  can  be  called  Markovian  forecasters. 

The  Persister  is  a  Markovian  forecaster  whose  £  matrix  is  the  identity 
matrix:  £  =  J.,  i.e.,  f .  .=0  if  ifj  and  f--=l  for  1=1,2,3. 

Suppose  a  forecaster  knew  that  the  weather  pattern's  W  matrix  was  of  a 
specific  form,  say  that  in  (2.2).  It  would  seem  that  he  could  do  better  than 
the  Persister  if  he  chose  his  strategy  matrix  £  equal  to  W,  rather  than  the 
identity  £.  We  will  call  such  a  forecaster  a  Markover. 
4.  Probability  of  a  Correct  Forecast  in  the  Markovian  Setting 

To  have  a  basis  for  judging  whether  a  Markover  can  out-perform  the  Persister 
in  predicting  Markovian  weather,  we  develop  a  formula  for  the  probability  a 
of  a  forecaster  making  a  correct  prediction. 

Let  w.  be  the  probability  that  the  weather  pattern  at  the  fixed  point  at 
season  n  will  be  in  state  i.  Next  observe  that  products  of  the  form  w. .  f . . 
may  be  interpreted  as:  the  probability  that,  the  weather  being  in  state  i 
at  season  n,  the  forecaster  will  independently  and  correctly  predict  the 
weather  to  be  in  state  j  at  season  n+1.  Summing  over  all  such  products  and 
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using  the  meaning  of  w . ,  we  find  the  requisite  formula  for  a  : 

3     3 

a  =  y  w.  y  w.  .  f .  .  (4.1) 

1-1    j=l 

Example  1      For  the  Persister,  we  have  _F=J[  and  Wis  Qs  given  in  (2.2). 
Hence  (4.1)  yields 

aQ=w  (4.2) 

Example  2     For  the  Markover,  we  have  £=W  and  W  is  as  given  in  (2.2). 
Hence  (4.1)  yields 

a0=l/2[3w2-2w+l]  (4.3) 

5.  The  Markover  vs.  the  Persister 

A  plot  of  (4.2)  and  (4.3)  over  the  whole  range  of  the  persistence  index, 
o^w<l ,  is  shown  in  the  figure.  It  is  clear  that  over  the  range  1/3<w<1,  we 
have  a  (Markover)<a  (Persister),  i.e.,  the  Persister  has  the  higher  skill  over 
the  range  of  persistent  weather.  Below  w=l/3,  the  weather  is  predominantly 
variable.  The  Markover  understandably  does  better  than  the  Persister  in  this 
range. 

6.  The  Analoger  vs.  the  Persister 

The  third  curve  of  the  figure  shows  the  performance  of  the  analog  method 
of  prediction  tailored  to  the  present  simple  context.  It  works  as  follows: 
given  a  present  state  i  of  the  weather  at  season  n  one  goes  back  in  time  over 
the  weather  record  and  looks  for  the  earliest  recurrence  of  the  state  i.  This 
is  the  analog  state.  The  state  in  the  record  subsequent  to  this  analog  state 
is  then  used  for  the  prediction  of  the  state  at  season  n+1 .  Some  reflection 
shows  that  this  analog  method  must  be  better  than  that  of  the  Markover:  the 
latter  uses  probabilities  to  predict  a  state  subsequent  to  state  i  (he  has  to  spin 
a  pointer,  so  to  speak,  to  determine  his  move)  while  the  analoger  simply  selects 
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as  his  prediction  the  realized  state  of  the  weather  immediately  following 
the  analog.  It  is  this  latter  mode  of  selection,  in  turn,  which  prevents  the 
Analoger  from  being  as  good  as  the  Persister  when  w>l/3.  For  at  this  point, 
the  Analoger  allows  chance  (via  the  record)  to  decide  his  prediction.  This  is 
not  as  bad,  however,  as  the  Markover  who,  as  we  saw,  lets  chance  act  twice  to 
decide  his  prediction--once  to  evolve  the  weather  from  season  n  to  season  n+1 , 
and  once  to  determine  his  choice  of  how  the  weather  goes  from  season  n  to  n+1. 
Numerical  verification  of  these  arguments  have  been  made  for  the  case  of  W  as 
g'iven  in  (2.2).  However,  the  form  of  the  above  argument  seems  to  be  independent 
of  W,  and  so  our  conclusion  would  appear  to  be  generally  valid,  i.e,  for 
Markovian  weather  patterns  of  arbitrary  W  as  given  in  (2.1).  This  matter  can 
certainly  be  investigated  analytically;  however,  it  will  not  be  done  here. 
7.  Conclusions 

The  surprising  outcome  of  the  simple  thought  experiment  in  this  note  is 
that;  in  the  context  of  Markovian  weather  patterns,  one  cannot  on  the  average 
out-predict  the  Persister  if  one  uses  the  probability  table  (2.2)  by  which  the 
weather  is  made  (!)  or  even  if  one  has  the  past  weather  record  from  which  to 
choose  analogs!  As  long  as  the  Markovian  type  weather  exhibits  some  persistence 
(w>l/3),  the  best  prediction,  on  the  average,  would  simply  project  the  present 
state  of  the  weather  into  the  next  season. 
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An  Experimental  Short-term  Climate  Forecasting  Procedure  for 
U.  S.  Winter  Temperatures  and  its  Verification 


Alfredo  R.  .avato 

Dept.  of  Meteorology  and  Physical   Oceanography,   Massachusetts 
Institute  of  Technology,  Cambridge,  Mass.  02139 

A  linear  multivariate  regression  model  for  continental 
United  States  January  surface  air  temperatures  is  presented. 
The  predictors  enter  the  regression  equation  at  more  than  one 
lag  if  their  effects  on  the  predictand  tend  to  be  spread  over 
several  months  rather  than  be  completed  in  one  month.  We  took 
the  monthly  mean  surface  temperatures  for  12  cities  to  be 
representative  of  temperatures  for  the  regions  around  them. 
The  predictand  series  then  consisted  of  annual  January  values 
for  each  representative  city.  We  derived  a  separate  regression 
equation  for  the  annual  departures  from  the  long  term  means  for 
January  for  each  city.  Our  procedure,  therefore,  predicts  the 
interannual  variability  for  January.  The  regression  equations 
for  interannual  variability  were  able  to  explain  a  much  higher 
percentage  of  variance  compared  to  the  corresponding  regression 
equations  for  monthly  variability.  We  can  apply  the  same 
procedure  to  obtain  prediction  equations  for  other  months.  The 
higher  percentage  is  to  be  expected  if  we  consider  that  there 
must  be  differences  in  the  operation  of  temperature-controlling 
physical  mechanisms  which  are  dependent  on  the  march  of  the 
seasons. 

A  chain  of  evidence  now  links  equatorial  Pacific  SST's  to 
the  midlatitude  tropospheric  circulation  and5  thereby,  to 
United  States  surface  climatic  parameters.  Using  general 
circulation  numerical  models,  Rowntree  (Quart.  J.  Roy.  Met. 
Soc,  1976,  1979)  showed  that  (in  terms  of  a  Fourier 
decomposition  of  500-mb  geopotential  heights  around  latitude 
circles  in  midlatitudes)  warm  anomalies  in  the  equatorial 
Pacific  Ocean  tend  to  induce  increased  amplitudes  in  the  long 
wavelength  planetary  waves,  specifically  wave  numbers  1  to  5. 
He  noted  that  the  midlatitude  effects  of  tropical  SST  anomalies 
are  much  larger  than  those  of  extratropical  anomalies.  His 
model  showed  a  strong  3-wave  pattern  at  300  mb  at  50°N  in 
response  to  tropical  forcing  which  is  given  by  the  longitudinal 
pattern  of  SST,  the  major  feature  of  which  is  the  zonal 
gradient  across  the  equatorial  Pacific. 

Then  Austin  (Q.  J.  R.  Met.  Soc. ,1980)  found  that  blocking 
episodes  in  the  Northern  Hemisphere  midlatitudes  are  associated 
with  interference  or  reinforcement  between  planetary  waves 
which  have  increased  amplitudes  but  normal  phases.    The   ridge 
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line  for  both  wave  numbers  2  and  3  at  500  mb  is  at  about  140CW. 
Using  the  700-mb  geopotential  height  anomaly  maps  (for  winters) 
compiled  by  Namias  (1979),  we  find  a  correlation  of  0.45  with 
the  January  Pacific  SST  eigenvector  time  series  coefficients 
for  the  first  mode.  Thus,  just  over  20%  of  the  variance  can  be 
explained  by  a  physical  process,  sea-air  interaction. 

One  of  the  most  significant  orderly  patterns  of  SST  and 
air  temperature  anomalies,  which  shows  up  in  an  eigenvector 
analysis  of  global  SST's  (Newell  and  Chiu,  1980)  is  the 
"Southern  Oscillation"  (Walker,  1923  -  1937).  Zonal  pressure 
gradients  in  the  tropical  Pacific  change  first,  followed  by 
SST's  in  the  eastern  equatorial  Pacific,  followed  by  zonal  mean 
tropical  air  temperature,  followed  by  zonal  mean  middle 
latitude  air  temperature.  Employing  modern  analysis  techniques 
and  a  broader  data  base,  Kidson  (1975)  confirmed  Walker's 
notion:  the  Southern  Oscillation  stands  out  as  the  major 
pattern  of  SLP  variations.  His  first  eigenvector  of  the  global 
surface  pressure  field  showed  evidence  of  a  three— wave  pattern 
which  corresponds  in  time  to  Southern  Oscillation  changes. 
Moreover,  this  pattern  is  global  in  extent.  His  results  also 
suggested  that  when  the  Hadley  (north-south)  circulation  is 
weak,  the  Walker  (east-west)  circulation  is  strong.  This 
global  connection  establishes  the  role  of  an  index  of  the 
strength  of  the  Southern  Oscillation  (SOI)  in  forecasting 
midlatitude  climatic  parameters  even  though  the  interlocking 
processes  are  not  well  understood. 

The  experimental  forecast  method  used  was  to  determine  a 
linear  multiple  regression  equation  for  each  of  12 
representative  cities  by  ordinary  least-  squares  estimation. 
Step-wise  regression  was  used  to  select  the  predictors  and  an 
arbitrary  limit  of  three  predictor  terms  was  set  for  each  equation 
The  collection  of  predictors  consisted  of  annual  series  of 
June,  July,  August,  September,  and  October  values  of  Pacific 
Ocean  SST  zonal  means  representing  the  latitude  band  between 
the  Equator  and  5*S  (and  from  1 40° VJ  eastward  to  the  coast),  and 
the  SOI  obtained  by  taking  the  difference  of  mean  sea  level 
pressure  between  two  Pacific  locations,  Easter  Island  and 
Darwin.  The  regression  equations  for  the  mean  January 
temperature  anomalies  for  twelve  representative  cities  are 
given  below.  DT  denotes  mean  January  temperature  anomaly  in 
units  of  standard  deviation.  PJun  denotes  Pacific  Ocean  zonal 
SST  nonseasonal  anomalies  for  the  month  of  June.  PJul  denotes 
SST  anomalies  for  July,  and  so  forth.  SJun  denotes  the  SOI 
nonseasonal  anomaly  for  June,  SJul  for  July,  and  so  on.  SST 
anomalies  are  in  degrees  C,  while  SOI  anomalies  are  in  mb. 
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Region  Regression  Equation       Explanation 

of  Variance 


Asheville 

DT 

- 

-.465  PJun  - 

.202  SAug  + 

.149  SJun 

46.4 

% 

Atlanta 

DT 

= 

-.418  PJun  - 

.187  SAug  - 

.163  SJun 

45.4 

% 

Boston 

DT 

— 

.723  PJul  - 

.537  PJun  + 

.129  SJun 

31.9 

% 

Buffalo 

DT 

- 

.214  SJun  + 

.207  PJul  - 

.169  SAug 

32.1 

% 

Chicago 

DT 

— 

.371  PJul  + 

.141  SJul  + 

.0937  SOct 

25.4 

% 

North  Platte 

DT 

s 

.484  PJun  + 

.124  SOct  + 

.0720  SJul 

20.1 

% 

Portland,  Ore. 

DT 

= 

.585  PJun  + 

.0836  SOct  + 

.0785  SSep 

23.1 

% 

Sacramento 

DT 

- 

-.229  SSep  - 

.221  PAug  + 

.181  SAug 

35.3 

% 

San  Antonio 

DT 

- 

-.530  PJun  + 

.158  SOct  - 

.113  SSep 

30.1 

% 

San  Diego 

DT 

— 

.445  PJun  + 

.126  SAug 

20.1 

% 

Spokane 

DT 

— 

.599  PJun  + 

.112  SOct  + 

.0864  SJul 

27.7 

% 

Wichita 

DT 

— 

.430  PSeP  + 

.132  SJul  + 

.111  SOct 

25.8 

% 

We  used  three  forecast  categories,  normal  (M),  below 
normal  (B),  and  above  normal  (A).  Above  normal  means  a  2-to— 1 
chance  that  the  mean  January  temperature  will  be  above  the 
long-term  mean  (from  about  1940  to  1975,  depending  on  the 
length  of  record  available  for  a  station)  temperature  for 
January.  The  below  normal  category  has  an  analogous  meaning. 
The  normal  category  implies  at  least  a  1-to~2  chance  that  the 
mean  temperature  will  be  within  one-half  standard  deviation  of 
the  long-term  mean.  The  forecasts  for  January,  1980,  were  as 
follows : 


Asheville 

A 

Atlanta 

A 

Boston 

N 

Buffalo 

A 

Chicago 

B 

North  Platte 

B 

Portland,  Ore. 

B 

Sacramento 

B 

San  Antonio 

B 

San  Diego 

N 

Spokane 

B 

Wichita 

B 

A  comparison  of  the  forecast  with  actual  observed  mean 
January  temperatures  is  shown  in  Figure  1 .  There  was  general 
agreement  except  notably  in  Sacramento,  San  Antonio,  and 
Chicago.  This  forecast  was  submitted  in  November,  1979,  to  the 
Lawrence  Livermore  Laboratory  as  a  contribution  toward  the 
formation  of  an  experimental  consensus  forecast  for  the 
1979-1980  winter  for  the  Department  of  Energy. 

The  following  contingency  table  summarizes  the  forecast 
and  observed  temperatures. 
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Forecast  Temperature 


Observed  Temperature 

Above 

Normal 

Below 

Total 


R  -  E 


Skill  score  = 


T  -  E 


6 
12 


-  i\ 


Above 
1 
2 
0 


=  0.25 


Normal 
i 

1 
0 
2 


Below 
1 
2 

n 

7 


Total 
3 

n 

12 


_  4 


where  R  is  the  number  of  correct  forecasts,  T  is  the  total  number  of 

forecasts,  and  E  is  the  number  of  forecasts  expected  to  be  correct 
by  chance. 


)f=$  Observed  January  temperature  below  normal 
Forecasts  for  the  twelve  cities  are  denoted: 
A -Above  normal,  N- Normal,  B~  Below  normal 

Figure  1.  Comparison  of  forecast  temperatures  with  observed 
temperatures  as  reported  in  the  Weekly  Weather  and  Crop  Bulletin 
6J-,     no.  6,  1980,  published  by  the  National  Weather  Service 
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Multi- regress  ion  approach  in  the  seasonal  range  forecasting  with 
antecedent  patterns  of  the  large-scale  circulation. 


Ernest  C.  Kung 
Department  of  Atmospheric  Science 
University  of  Missouri -Columbia 
Columbia,  Missouri  65211 


One  practical  approach  to  the  problem  of  the  seasonal -range  forecasting 
is  the  empirical  methods  which  are  consistent  with  the  observed  operational 
mode  or  behavior  of  the  general  circulation.  The  use  of  standard  methods 
of  linear  prediction  may  be  justified  with  a  premise  that  the  information 
of  nonlinear  processes  of  the  atmosphere  is  implicitly  contained  in  the 
near  past  data  of  the  atmospheric  circulations.  Our  statistical  analyses 
indicate  that  at  the  seasonal  range  the  predictors  may  be  related  linearly 
to  predictands,  and  the  data  period  seems  to  be  at  its  optimum  in  the  15-20 
years*  range. 

In  the  actual  procedure,  first  a  group  of  meteorological  variables  may 
be  considered  for  various  reasons  of  circulation  patterns,  teleconnections , 
possible  dynamics  and  energetics  associated  with  predictands,  etc.  An 
extensive  correlation  analysis  is  then  applied  to  identify  approximately  10 
to  15  candidates  among  these  variables  as  possible  predictors.  These  param- 
eters are  finally  reduced  to  four  to  six  after  statistical  selection  procedures, 
such  as  R  procedures  and  stepwise  regression  procedures,  and  the  regression 
coefficients  are  determined.  At  this  point  an  independent  principal  component 
analysis  is  performed  to  confirm  that  multicol linearity  among  the  predictors 
is  effectively  eliminated. 

The  predictand  may  be  any  large-scale  parameter  which  can  reasonably 
represent  an  element  of  the  seasonal  weather  pattern  of  an  area.  The  predictors 
may  be  selected  inside  and  outside  the  forecast  region.  The  lead  time  between 
X  and  Y  depends  on  the  choice  of  X. 

The  choice  of  predictors  X  almost  determines  the  ability  of  the  model. 
In  our  earlier  model  of  Indian  monsoon  onset  forecasting,  eight  April  upper  air 
parameters  were  used  as  predictors  at  the  forecast  point  through  the  process 
described  above.   In  a  subsequent  modification  of  the  model  the  number  of 
predictors  was  reduced  to  five,  which  includes  two  upper  air  parameters  (April  upper  air 
height  and  700-mb  kinetic  energy  over  India) ,  one  April  Indian  ocean  surface 
temperature,  and  two  Australian  upper  air  parameters  (January  700-mb  v  wind  and 
March  700-mb  temperature) .   A  rather  dramatic  improvement  of  the  model  is 
seen  in  Fig.  1  in  the  current  model  as  the  result  of  modification.   In  the 
earlier  model  we  only  described  the  instability  of  the  Indian  upper  air  in 
terms  of  April  mean  parameters  over  the  forecast  point.   In  the  current  model 
the  number  of  predictors  was  reduced,  but  the  land- sea  temperature  contrast 
and  Southern  hemispheric  circulation  were  also  considered  in  terms  of  Indian 
sea  surface  temperature  and  Australian  upper  air  parameters. 
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The  same  type  of  forecasting  model  has  also  been  developed  for  the  summer 
rainfall  in  Central  India  with  six  predictors,  including  four  April  upper  air  param- 
eters over  India  (100-mb  u  and  v  winds,  200— mb  temperature  and  700-mb  u  wind) , 
one  February  sea  surface  temperature  over  the  Indian  Ocean,  and  one  April  upper  air 
parameter  over  Australia  (200-mb  height) .   This  model  is  shown  to  predict  the 
summer  rainfall  (as  defined  by  15  reporting  stations)  with  a  6%  accuracy.  The 
result  is  illustrated  in  Fig.  2. 

Table  1  compares  the  regression  forecasting  of  the  monsoon  onset  date  and 
rainfall  by  the  method  of  the  meteorological  variables  and  by  the  principal 
components.  The  compatibility  seems  clear. 

Because  of  the  time  variation  of  the  patterns  of  the  general  circulation, 
the  constant  updating  of  the  regression  equation  should  be  an  integral  part 
of  this  type  of  forecasting  scheme. 
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TABLE  1 

2 
Maximum  R  and  MSE  in  regression  fitting  of  the  monsoon  onset  date 

(from  1  April)  and  monsoon  rainfall  (mm)  using  meteorological 

variables  and  principal  components  (after  Kung  and  Sharif) . 


Monsoon  Onset 


Number 

Meteorological 

variables 

Principal 

components 

of  variables 

R2 

R2 

or  components 

MSE 

MSE 

1 

51.16 

0.373 

28.23 

0.654 

2 

37.86 

0.562 

21.44 

0.751 

3 

21.21 

0.769 

19.03 

0.792 

4 

14.61 

0.850 

17.41 

0.822 

5 

11.98 

0.886 

15.76 

0.849 

6 

11.54 

0.898 

14.05 

0.876 

7 

11.15 

0.909 

12.58 

0.897 

8 

10.11 

0.924 

10.98 

0.918 

9 

8.96 

0.939 

9.36 

0.936 

10 

9.22 

0.943 

4.41 

0.955 

Monsoon  Rainfall 


Number 

Meteorological 

variables 

Principal 

components 

of  variables 

R2 

R2 

or  components 

MSE 

MSE 

1 

14847.73 

0.432 

15731.02 

0.399 

2 

107744.00 

0.612 

11665.38 

0.579 

3 

9013.20 

0.694 

9097.03 

0.691 

4 

6972.54 

0.778 

6239.24 

0.801 

5 

5903.68 

0.824 

3884.88 

0.884 

6 

2195.15 

0.939 

3018.22 

0.917 

7 

2074.34 

0.947 

2327.03 

0.941 

8 

1962.28 

0.954 

1669.23 

0.961 

9 

1575.41 

0.967 

941.94 

0.980 

10 

1394.81 

0.970 

738.97 

0.986 
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Fig.  1  The  recorded,  fitted,  and  forecasted  monsoon  onset  dates  from  1958  to  1977. 
Forecast  is  by  regression  equation  without  involving  the  data  of  the 
forecast  year.  The  previous  model  had  8  upper-air 
predictors.   (Kung  and  Sharif). 
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Fig. 2     The  recorded,    fitted,    and  foredasted  monsoon  rainfall   in  Central   India 

from  1958   to   1977. 
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APPLICATION  OF  SEASONALLY  NONSTATIONARY  LINEAR  PREDICTION  MODELS 

T.  P.  Barnett 

Climate  Research  Group 
Scripps  Institution  of  Oceanography 
University  of  California,  San  Diego 
La  Jolla,  California,  92093  U.S.A. 

Abstract 

Methods  of  constructing  linear  prediction  models  for  the  time  series  with  seasonally 
nonstationary  statistics  are  applied  to  several  important  prediction  problems.  These 
formalisms  suggest  it  is  possible  to  forecast  El  Nino  events  at  least  one  year  in  advance. 
They  also  show  regions  over  North  America  where  surface  air  temperature  is  predictable  at 
lead  times  of  one  season  from  prior  knowledge  of  equatorial  Pacific  sea  surface  tempera- 
tures. Both  of  these  examples  demonstrated  the  superiority  of  the  non  stationary  modeling 
methods  over  standard  approaches. 

1.0    Introduction 

Most  work  on  linear  prediction  theory  assumes  the  statistics  of  the  data  fields  to 
be  time  invariant.  Recent  summaries  of  this  work,  as  it  applies  in  geophysics  and  par- 
ticularly climate  prediction,  may  be  found  in  Davis  (1977)  and  Barnett  and  Hasselmann 
(1979,  hereafter  called  BH).  In  a  companion  paper  presented  in  this  symposium,  Hasselmann 
(H)  modifies  the  latter  work  to  include  situations  in  which  the  statistics  are  periodic  in 
time.  This  work  is  extended  in  Hasselmann  and  Barnett  (1980,  hereafter  called  HB).  The 
result  of  these  papers  is  a  method  of  statistical  modeling  applicable  to  climatic  phenomena 
which  show  strong  relation  to  the  phase  of  the  annual  cycle,  e.g.,  the  effect  of  air/sea 
heat  flux  on  the  atmospheric  system.  Numerous  analyses  of  climatic  data  sets  suggest  such 
methods  will  be  required  in  many  parts  of  the  world. 

This  paper  describes  the  application  of  periodic  statistical  models  to  two  problems: 
1)  Forecasting  El  Nino  events  and  2)  forecasting  surface  air  temperatures  over  North 
America.  The  results  are  contrasted  with  those  obtained  from  current  theoretical  methods 
for  developing  prediction  models.  The  notation  and  analytic  details  backing  the  discussion 
may  be  found  in  H. 

2.0   Model  Selection 

At  least  three  types  of  linear  statistical  models  can  be  considered.  In  the  case 
of  "time  invariant,"  or  TI,  models,  the  associated  time  series  must  be  stationary  and 
independent  of  seasonal  phase.  "Fixed  phase"  (FP)  models,  on  the  other  hand,  are  con- 
structed for  a  single  month  or  season  of  the  year,  e.g.,  the  prediction  of  winter  air 
temperature  from  previous  predictors.  Since  these  models  are  phase  specif ica they  can  be 
applied  in  cases  of  seasonal  nonstationarity.  "Phase  averaged"  (PAV)  models,  by  contrast, 
are  dependent  on  an  assumed  functional  form  for  seasonal  nonstationarity,  e.g.,  a  Fourier 
expansion  of  the  prediction  coefficients  (see  HB  and  H).  Thus  one  need  not  estimate  a 
different  model  for  every  month/season  as  in  the  FP  case,  but  rather  estimate  only  one 
model  over  the  entire  data  set.  This  generally  increases  the  degrees  of  freedom  and  there- 
by provides  a  better  opportunity  to  find  a  significant  model. 

The  determination  of  which  modeling  formalism  to  choose,  stationary  or  nonstationary, 
can  be  made  based  on  the  time-dependent  correlation  of  the  predictors  and/or  predictands. . . 
but  not   their  cross  correlation.  For  example,  Figure  1  is  the  time-dependent  correlation 
for  the  first  empirical  orthogonal  function  (EOF)  or  North  Pacific  sea  surface  temperature 
(SST)  anomalies.  The  95%  significance  level,  which  depends  on  season  is  roughly  0.4. 
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The  EOF  is  clearly  nonstationary  with  respect 
to  seasonal  phase.  Thus  models  FP  or  PAV  are 
required  if  this  variable  is  to  be  properly 
employed  in  a  modeling  procedure. 

The  above  method  offers  an  objective 
a  priori   rationale  for  deciding  which  type  of 
model  one  should  use  in  developing  prediction 
algorithms.  The  rest  of  this  paper,  however, 
will  purposely  employ  all  three  modeling 
approaches  to  demonstrate  the  difficulties 
that  can  arise  if  an  investigator  blindly 
chooses  the  traditional  analysis  methods  in 
the  presence  of  significant  nonstationarity. 

Figure  1 

Time  dependent  correlation  function  for 
amplitude  of  first  empirical  function  of 
anomalous  SST  in  the  North  Pacific. 
Month  of  the  year  is  indicated  at  the 
top  of  the  diagram. 


3.0    Notation 


It  is  convenient  to  repeat  here  some  of  the  notation  of  HB  and  H  so  the  reader  will 
not  have  to  refer  back  and  forth  between  this  article  and  those  references.  The  predictand 
(y)  at  lead  time  q  is  estimated  (y)  by  the  predictors  (Xq)  via  the  linear  relation. 


y(t+q)  =  Z  x  (t)  [E  ,+E  Ocos<t+E  -sirnct] 
J v   ^'      av  '  L  al   a2       a3 
a 


(1) 


The  prediction  coefficients,  E  ',  are  found  in  the  usual  manner.  The  subscript  a  contains 

Ctp 

information  on  both  predictor  type  and  time  lag  with  respect  to  t,  while  k  represents  the 

phase  of  the  cycle,  e.g.,  k=1  in  winter,  =2  in  spring,  and  so  on. 


The  term  in  square  brackets  is  termed  the  'seasonally  modulated  Green's  function'. 
The  lag  dependence  (a)  of  the  E   give  an  estiamte  of  the  standard  Green's  function  as  used 
in  BH.  The  e-dependence  of  the  E  g  show  the  level  of  seasonality  in  the  Green's  function. 
For  instance,  if  IE  ,  I  >>  IE  0  +  t  J  then  the  original  series  are  essentially  stationary 

to  first  order  and  TI  models  would  have  described  y(t)  adequately.  If,  on  the  other  hand, 
the  seasonal  coefficients  (E  2»  E  3)  are  comparable  with  E  ■■  then  the  associated  time  series 

are  nonstationary  and  some  measure  of  seasonal  phase  must  be  included  in  the  analysis  of 
their  properties  and  differential  equations  that  describe  their  evolution. 


8 


A  measure  of  the  seasonal  symmetry  within  a  nonstationary  model  is  given  by 
tan"  |E  -,/E  0J .  Values  of  8  near  0  or  tt/2  suggest  prediction  relations  or  physical 


a3  a2'' 

interactions  that  are  confined  to  opposite  phases  of  the  annual  cycle,  e.g.,  summer  and 
winter  only.  If  E  ,  is  of  the  same  order  of  magnitude  as  max  (E  0,  E  0)  predictability  will 

only  exist  on  one  season  since  the  coefficients  will  reinforce  each  other  in  one  season  but 
cancel  in  the  opposite  season.  Values  of  e  near  1,  coupled  with  the  approximate  equality 
of  the  E   suggest  interaction  of  predictors  and  predictand  in  consecutive  seasons.  Indeed 
the  sign  and  magnitude  of  the  E   and  the  value  of  8  can  be  used  to  determine  the  seasonal 
character  of  the  predictive  skill  resulting  from  each  of  the  lagged  predictor  series. 
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The  skill  (S^)  of  the  models  is  measured  as  percentage  of  variance  accounted  for  in 
the  modeling  procedure,  i.e., 

s  =  <(y-y)2> 

H   <(y2)> 

where  the  <•••>  indicate  time  averages  and  <y>  =  <y>  =  0. 

4.0    Predicting  El  Nino 

Time  invariant  formalisms  of  BH  have  been  used  to  show  El  Nino  events  may  be  pre- 
dicted marginally  at  lead  times  of  one  year  from  knowledge  of  the  Trade  Wind  Field  (TWF) 
alone  (Barnett,  1980a).  No  effort  was  made  to  optimize  that  model.  It  is  known  from  a 
variety  of  sources  that  EL  Niflos  tend  to  occur  at  certain  seasons  of  the  year  and  that 
measures  of  El  Nino  are  closely  related  to  changes  in  sea  level.  These  facts  were  used  to 
construct  a  more  refined  El  Nino  prediction  model. 

The  predictors  were  chosen  to  represent:  1)  regions  of  the  TWF  found  most  important 
to  predicting  ocean/atmosphere  variables  in  the  tropical  Pacific,  2)  a  measure  of  the 
east/west  sea-level  slope  variability  and  3)  prior  values  of  the  predictand.  This  latter 
quantity  is  the  SST  anomaly  at  Talara,  Peru.  All  data  series  extended  over  20  years  at 
monthly  intervals.  See  Barnett  (1980a)  for  more  details  on  predictors/predictand  definition 
and  characteristics. 

Three  models  were  constructed  to  predict  Talara  SST.  The  first  (Ajj)  assumed  that 
the  Talara  SST  statistics  were  time  invariant  and  so  Sh  was  assumed  independent  of  season. 
The  second  model  (App)  was  a  fixed  phase  model  and  attempted  to  forecast  Talara  SST  in 
July,  a  time  when  El  Ninos  normally  reach  high  intensity.  Model  Ap/\y  was  a  phase  averaged 
model  of  the  type  described  by  equation  1.  All  models  forecast  for  a  lead  time  of  one 
year  and  used  the  previous  12  month's  data  in  the  lagged  predictor  fields. 

The  significance  measure  of  the  models  (p2,  see  BH)  is  shown  in  Figure  2.  Model  Ajj 
(time  invariant)  is  significant  at  the  95%  level  for  model  order  p  =  4,  while  Model  Ap/^ 
(phase  averaged)  is  significant  to  at  least  p  =  10.  Model  App,  the  fixed  phase  model 
for  July,  is  not  significant  for  any  order.  In  fact,  the  large  number  of  predictors  and 
relatively  few  years  available  for  analysis  make  the  modeling  process  indeterminate  beyond 
P  =  3. 

The  skill  of  each  model  is  shown  in  Figure  3.  The  model  App  had  a  high  skill  (76%) 
but  was  not  significant  at  even  the  90%  level  and.  must,  therefore,  be  rejected.  This  again 
points  up  the  fact  that  model  skill  and  significance  are  not  always  synonymous.  The  skill 
of  Aji  indicated  by  <A~yp  is  26%  and  presumably  the  same  for  all  months.  Actual  evaluation 
of  Ajj  on  a  monthly  basis,  however,  shows  the  skill*  to  vary  widely  over  the  course  of  the 
year.  In  October,  November,  and  January  the  skill  is  negative.  The  model  does  well  during 
the  summer.  It  is  clear  that  the  average  skill  normally  associated  with  such  a  time  in- 
variant model  (26%)  is  somewhat  misleading  in  a  nonstationary  environment.  The  non- 
stationary  model  (Ap^v)  shows  positive  skill  in  all   months  and  is  particularly  strong  during 
the  summer  when  El  Nihos  generally  reach  their  highest  intensity. 

The  behavior  of  models  k\\   and  Ap/\y  can  be  understood  through  their  Green's  functions 
(Section  3).  Figure  4  shows  the  functions  as  they  relate  the  prior  years'  variation  in  one 
of  the  predictors  (the  zonal  counterpart  of  the  Southeast  Trade  Winds,  USET)  to  the  year  in 
advance  fluctuations  in  SST.  For  the  time  invariant  model,  only  Ea-j  exists  and  its  lag 
dependence  is  shown  by  the  curve  marked  k\\.     The  seasonally  modulated  Green's  functions 


*  This  skill  is  figured  as  a  percentage  of  the  individual  monthly  variance  accounted  for 
by  Ayr  and  so  directly  comparable  to  S... 
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from  Ap/\y  are  shown  for  January  and  July. 
The  Aji  results  suggest  a  strong  relation 
exists  between  USET  and  SST  in  all  seasons 
the  year.  The  Ap/\y  results,  on  the  other 
hand,  show  this  relation  exists  for  summer 
(July)  fluctuations  in  SST  but  not  winter 


of 


variations,  i.e.,  9  =  0  and  E  -,  -  E 


Thus 


"ex  1    a  2 ' 

the  predictive  relationship  is  determined 
principally  by  the  covariance  contribution 
between  summer  SST  and  the  predictor.  This 
explains  why  the  skill  of  Afj  is  nearly  as 
good  for  summer  as  the  skill  from  Apav-  It 
also  explains  the  negative  skill  of  Aji  during 
the  winter  for  the  estimated  predictand/pre- 
dictor  relationship  for  this  season  does  not 
hold;  it  is  due  solely  to  the  strong  summer- 
time relationship. 


SKILL 
EL  NINO  (12-MONTH  LEAD) 
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23  I- 


20 


MODEL  SIGNIFICANCE  TEST 
EL  NINO  (12-MONTH  LEAD) 


Figure  3 

Skill,  by  month,  for  various  one-year-in- 
advance  El   Nino  prediction  models.     See 
text  for  description  of  the  symbols. 


GREEN'S    FUNCTION    USET-»SST 
(1 2- MONTH  LEAD) 

January /A  PAV 


July/ApAv 


3  4  5  6  T 

MODEL  ORDER 


4  6  8 

LAG  (month) 


10 


Figure  2 

Model   significance  tests:     El   Nino 
prediction  at  12-month  lead.     The 
significance  parameter  (p2)   is  shown 
for  the  various  models.     The  95% 
confidence  limit  is  also  indicated. 


Figure  4 

Green's  functions  relating  SST  and  Trade 
Wind  strength  in  El  Nino  prediction 
models  at  12-month  lead.  See  text  for 
discussion  of  the  symbols. 
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5.0   Predicting  Seasonal  Air  Temperature  Over  North  America 

The  relation  between  fluctuations  in  ocean/atmosphere  parameters  in  the  Pacific  and 
subsequent  air  temperature  anomalies  over  North  America  further  illustrate  the  appropriate- 
ness of  seasonally  nonstationary  models.  A  detailed  analysis  of  the  Pacific/North  American 
interactions  is  given  elsewhere  (Barnett,  1980b).  Here  we  excerpt  from  that  study  several 
of  the  results  relating  SST  to  subsequent  air  temperature  variations. 

Three  prediction  models  were  again  constructed:  1)  Model  Bji  assumed  the  statistics 
of  all  data  series  were  stationary;  2)  Models  Bpp  were  fixed  phase,  i.e.,  they  were  set 
up  to  predict  only  one  season  and  3)  Model  Bpav  was  a  phase  average  model  of  the  form  (1). 
In  this  case  the  difference  between  Models  Bpp  and  Bp/\v  is  rather  small,  because  the  number 
of  free  coefficients  is  only  one  less  than  in  Bpp.  All  models  forecast  air  temperature  at 
a  lead  time  of  one  season  and  used  the  previous  four  seasons  data  in  the  SST  predictor 
field.  The  SST  predictors  come  from  equatorial  and  mid-latitude  regions  identified  by 
Bjerknes  (1969)  and  Namias  (1975),  respectively,  as  being  potentially  important  to  sub- 
sequent events  over  North  America.  Seasonal  data  for  the  period  1902-1972  were  available 
for  analysis. 

The  significance  measure  of  the  models  is  shown  in  Figure  5  for  a  typical  station 
(Jacksonville).  A  model  of  the  form  Btj  could  not  be  constructed  at  this  station  with  95% 
significance.  Fixed  phase  models  (Bpp)  were  found  to  be  significant  (>95%)  for  three 
seasons  out  of  the  year.  The  highest  and  lowest  p2  distribution  for  these  models  is  shown. 
The  other  two  seasons  fall  in  between  these  extremes.  The  skill  in  the  significant  fixed 
phase  models  ranged  from  6-22%.  This  range,  plus  the  seasonal  dependence,  explains  the 
negative  performance  of  Bji •  The  phase  averaged  model  (Bpav)  was  significant  at  a  higher 
level  than  its  competitors.  This  is  due  to  its  ability  to  handle  seasonal  variability  in 
predictive  skill  while  maximizing  degrees  of  freedom  in  the  analysis. 

The  skill  of  the  different  classes  of  model  is  illustrated  in  Figure  6  for  36 
North  American  stations.  The  left-hand  panels  show  the  annual  average  skill  for  stationary 
(Bji)  and  phase  averaged  (Bp/\y)  models.  These  averages  are  somewhat  misleading,  since  they 
contain  strong  seasonal  variability.  The  seasonal  character  of  ocean/atmosphere  interaction 
that  gave  the  predictive  skill  (Barnett,  1980b)  clearly  makes  Bji  inferior  to  BpAV- 
Comparison  of  the  ability  of  models  Bpp  and  BpAV  to  forecast  winter  air  temperatures  is 
shown  in  the  right-hand  panel  of  Figure  6.  The  fixed  phase  models  have  somewhat  higher 
skill  at  many  individual  stations  as  expected^since  the  models  were  tuned  for  the  par- 
ticular station/season  forecast.  Note,  however,  that  models  of  the  form  Bpp  could  not  be 
constructed  at  many  stations  where  Bp/^y  shows  low,  but  significant  skill.  This  is  due  to 
the  additional  degrees  of  freedom  associated  with  the  phase  averaged  models. 

Significant  models  BpAV  occassionally  produced  negative  skill  scores  at  some 
stations/seasons.  In  most  cases  these  resulted  when  the  station  was  rather  strongly 
predictable  in  only  one  season,  e.g.,  e  =  0  and  E  ?  >  E  ,.  In  this  case  the  approximation 

to  seasonal  nonstationary,  the  Fourier  expansion  shown  in  (1),  is  poor  and  so  is  the 
corresponding  model  result.  Models  Bjj  also  generally  gave  negative  skills  for  these 
stations/seasons.  In  these  cases,  models  of  the  form  Bpp  could  not  be  constructed  at  a 
reasonable  level  of  significance. 

Examples  of  the  seasonally  modulated  Green's  functions  are  shown  in  the  upper  panels 
of  Figure  7  for  two  widely  separated  individual  predictand  stations  and  SST  off  Peru,  the 
most  important  predictor  variable.  A  generalization  of  these  functions  may  be  derived  for 
the  entire  predictand  field  via  principal  predictors  (cf.,  Davis,  1977;  Barnett,  1980b). 
In  this  case  the  Green's  functions  relate  SST  off  South  America  (predictor)  and  the 
numerically  largest  pattern  of  predictable  air  temperature  fluctuations  over  all  of 
North  America.  The  seasonal  character  of  this  function  is  shown  in  the  lower  part  of 
Figure  7.  The  seasonality  of  the  interaction  is  obvious.  Winter  forecast  skill  is 
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strongly  dependent  on  the  equatorial  SST 
during  the  prior  three  seasons  (fall  through 
spring).  The  summer  forecast,  on  the  other 
hand,  is  only  weakly  dependent  on  equatorial 
SST,  or  any  other  predictor  for  that  matter, 
since  summer  predictability  is  much  lower  than 
that  obtained  for  winter.  The  stationary 
models  Btj  suggests  a  strong  coupling  between 
the  tropics  and  mid-latitudes  in  all  seasons. 
This  apparent  result  leads  to  negative  skill 
scores  for  many  stations/seasons  (not  shown) 
as  in  the  example  of  Section  4.0 


MODEL  SIGNIFICANCE   TEST 
NORTH  AMERICAN    AIR  TEMPERATURE  06EAS0N  LEAD) 
JACKSONVILLE  __  - 


4  5  6  7 

MODEL  ORDER 


Figure  5 

Model  significance  tests:  North  American 
surface  air  temperature  at  one-season 
lead. 


6.0 


Conclusion 


Methods  of  predictively  modeling 
seasonally  nonstationary  time  series  have 
been  developed  and  shown  to  be  superior  to 
other  commonly  used  methods  in  a  variety  of 
circumstances.  The  cautious  investigator 
would  be  wise  to  test  for  the  stationarity 


of  this  data  (cf.  Section  2)  prior   to 
deciding  on  an  analysis  method.  Failure  to 
do  this  is  apt  to  give  discouraging  and/or 
misleading  results. 
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green's  function 
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Figure  7 

Seasonally  modulated  Green's  functions  relating  equatorial  sea-surface 
temperature  and  North  American  surface  air  temperature  at  one-season  lead. 
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Some  diagnostic  results  and  experimental  forecasts 
Using  the  ARIMA  Procedure 

Leonard  Steinberg 
Atmospheric  Environment  Service 
Downsview,  Ontario 

A  univariate  ARIMA  procedure  was  applied  to  about  30  years 
of  50-100  kPa  thickness  anomalies  over  most  of  the  Northern  Hemisphere. 
The  adequacy  of  the  model  was  judged  using  1)  the  individual  values 
of  the  auto  correlation  function,  2)  the  portmanteau  test  based 
on  the  sum  of  squares  of  the  A.C.F.  and  3)  the  reduction  of  residual 
variance . 

The  model  chosen  (based  upon  the  above  criteria)  for  the 
experimental  forecast  consisted  of  AR  terms  of  lags  1  and  2j  MA 
terms  of  lags  1  and  12  and  applied  to  all  points  on  the  grid  (5 
lat  -  10  long)  .  The  parameters  were  evaluated  at  each  point  and 
used  to  make  one  month  ahead  forecasts  for  each  month  of  the  last 
year. 


o 


Results 


A)   Diagnostic  Study 


Eighteen  grid  points  which  showed  the  lowest  degree  of 
fit  to  a  simple  model  were  chosen  for  detailed  study. 

The  best  model  containing  1,2,  and  12  lag  factors  was  found 
to  be  an  AR(1,12):  MA(1,  2,12)  model  (Table  1).  In  five  of  the 
eighteen  cases  little  difference  was  discerned  among  the  models. 

The  residual  variance  (Table  2)  shows  reductions  of  the 
order  of  5-15%.  This  may  be  taken  as  an  estimate  of  signal  to 
noise  ratio. 

A  seven-year   (1971-77)   subset   of  the   data  was  decomposed 

into   symmetrical   spherical   harmonics   and  subjected   to   the   ARIMA 

procedure.    Almost   all   of   the   signal   is  found  to  reside  in  the 
largest  scales  (m=o,  n=o,  2)  (Table  3). 

B)   Forecast  Study 

ARIMA  forecast  with  a  AR(1,2),  MA(1,12)  model  have  been 
made  with  one-month  lead  time  for  the  past  year.  The  ARIMA,  forecast, 
the  US  Climate  Analysis  Centre's  surface  temperature  forecast,  and 
the  observed  anomaly  thickness  field  for  April  are  presented  in 
Fig.  la,  b,  and  c,  respectively. 
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The   April   forecast   for   the   500-1000  mb   thickness   anomaly 
may   be   compared   to   the   surface   temperature   prediction   produced 
by  the  United  States  Climatic  Center.  Points  in  common  are  positive  anomalies 
over   most   of   Canada   and   the   Pacific   states;   negative   anomalies 
over  the  southern  tier  of  the  U.S.,  Gulf  of  Alaska,  and  Greenland. 

The  major  disagreement  was  in  the  Atlantic  and  in  this 
car  the  ARIMA  forecast  of  negative  anomaly  proved  correct.  Both 
forecasts   were   correct   over  most   of   Canada,   predicting   positive 

anomaly.  The  negative  anomaly  in  the  Northern  half  of  the  United  States 

is  somewhat  better  indicated  in  the  ARIMA  forecast.  The  positive 
anomalies  in  the  Gulf  States  and  Caribbean  and  negative  anomaly 
centered  over  Newfoundland  are  not  captured  in  either  forecast. 

A  series  of  three  ARIMA  forecasts  with  the  verifying  field 

are  shown  in  Figures  2  and  3.  The  nature  of  the  ARIMA  forecast 
is  such  as  to  diminish  the  variance.  Therefore,  note  should  generally 
be  taken  of  the  sign  and  position  of  the  predicted  anomalies  and 
not  of  their  absolute  values. 

The  strong  influence  of  the  previous  month's  values  (per- 
sistence) on  the  forecast  may  be  seen  by  comparing  2b  with  3a  or 
2c  with  3b. 

Objective  verification  remains  to  be  performed,  and  therefore 
the  series  of  forecasts  is  presented  here  for  the  readers  subjective 
evaluation. 
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FIG.  a         EXPERIMENTAL    AR  I  MA    FORECAST   OF 
5OO-I0OO   MB   THICKNESS    FOR   MAY 
I98C   ADDITIVE    AR(I,I2),    MA(i,12) 


PREDICTED   SURFACE   TEMPERATURE 
ANOMALIES    FOR   MAY    1 980    U.S. 
CLIMATE    CENTER. 
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Portmanteau  Test  and  S/N  ratio  for  Zonal  Harmonics 
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USAFETAC  Sea  Level  Pressure  Model 
Seasonal  Outlook  for  the  Past  Year 

By 

Capt  James  G.  Schofield 
U.S.  Air  Force  Environmental  Technical  Applications  Center 

Scott  AFB  IL  62225 

At  the  1976  Climate  Diagnostics  Workshop,  Dr  Tim  Barnett  and  James 
Schofield  introduced  a  sea  level  pressure  analog  model  for  predicting 
seasonal  temperature  over  North  America.  Tnis  model  was  adopted  for 
use  at  tne  united  States  Air  Force  Environmental  Technical 
Applications  Center  and  has  Deen  used  for  the  past  18  months  to  maKe 
experimental  seasonal  outlooKS.  This  presentation  addresses  tne 
seasonal  outlooks  for  fall  1979  and  winter,  spring,  summer  1980  and 
assesses  the  relative  skill  of  the  moael  over  tnose  four  seasons. 

The  Sea  Level  Pressure  Analog  Model  uses  empirical  orthogonal 
functions  to  represent  the  historical  sea  level  pressure  field  for  tne 
area  150°E  to  20°W,  20-b0°w.  The  SLP  data  run  from  1899  to  the 
present.  Climatic  analogs  are  chosen  based  on  the  closest  match 
oetween  tne  EOF's  of  the  SLP  fields  preceding  the  forecast  season  and 
an  SLP  field  in  tne  nistorical  record.  For  example,  the  forecast  for 
winter  1980  was  obtained  Dy  searching  for  the  closest  match  between 
tne  fall  1979  SLP  field  and  a  fall  pattern  in  tne  historical  record. 
Fall  1939  was  selected  as  the  best  analog  match.  The  temperature 
field  for  winter  1940  is  tnen  used  as  the  forecast  temperature  field 
for  winter  19d0. 

figure  1  shows  tne  network  of  33  stations  used  in  the  forecast 
scneme.  (Tnis  presentation  is  limited  to  continental  United  States  stations 
only) .  Figure  2  depicts  the  forecast  and  ooserved  temperature  field 
for  fall  1979.  (Fall  is  defined  as  Sep,  Oct,  Nov.)  Twenty-seven 
percent  of  the  stations  were  forecast  in  the  correct  category.  We 
would  expect  to  hit  33%  by  chance,  so  this  forecast  was  not  very 
successful,  Next  we  have  the  forecast  and  observed  fields  (figure  3) 
for  winter  1980  (Dec  1979,  Jan,  Feb  80).  Sixty-one  percent  of  the 
forecasts  were  in  tne  right  category.  This  is  considered  to  oe  an 
excellent  forecast. 

Figure  4  shows  spring  19b0  (Mar,  Apr,  May),  where  45>  of  the 
forecasts  were  correct.  This  forecast  can  De  characterized  as 
successful.  Finally,  we  have  the  forecast  (figure  5)  for  summer,  1980 
(Jun,  Jul,  Aue,) .  As  can  De  readily  oDserved,  this  was  a  very  poor 
forecast,  with  only  21*  of  the  stations  falling  in  the  correct 
category. 

When  we  lump  all  four  seasons  together,  we  find  tnat  the  model  was 
correct  38.5*  of  the  time.  A  skill  evaluation  done  during  model 
development  suggests  that  the  skill  of  the  model  over  the  long  run 
will  average  about  37*  correct.  The  results  for  tne  four  seasons  fall 
79  -  summer  80  are  consistent  with  this  result. 

In  summary,  tne  performance  of  the  Sea  Level  Pressure  Analog  Model 
over  the  past  year  included  one  successful  and  one  hignly  successful 
forecast  and  two  very  poor  forecasts.  The  overall  performance  of  the 
model  is  consistent  witn  tne  expected  skill  level. 
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FIGURE  1 
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FIGURE  2 
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FIGURE  3 

WINTER  1980  -  61%  CORRECT 
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FIGURE  4 

SPRING  1980  -  45%  CORRECT 
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Long  range  precipitation  forecasting  with  a  new  UW  model 

Jerome  B.  Blechman  and  Reid  A.  Bryson 

Center  for  Climatic  Research 

University  of  Wisconsin 

Madison,  Wisconsin  53706 


The  University  of  Wisconsin  long  range  forecast  model  has 
evolved  since  Dittberner's  (1978)  report  on  its  effectiveness  for 
multiyear  prediction.  The  current  version  is  denoted  UW  80  MK  II. 
In  addition  to  the  low  frequency  and  high  frequency  submodels  cited 
by  Dittberner,  a  very  high  frequency  input  based  on  the  quasi-biennial 
oscillation  was  used  in  the  current  model. 

Another  modification  in  method  was  the  identification  of  "pre- 
dictors" which,  because  of  deficiencies  in  the  linear  regression 
technique,  were  inappropriate  in  certain  geographical  areas  (also 
from  Dittberner,  1978).  These  were  not  used  in  forecasting  for  such 
areas,  thus  allowing  the  more  realistic  predictors  to  dominate  the 
forecasts.   To  ensure  that  forecast  value  was  a  result  of  physically 
realistic  processes  being  modeled,  all  UW  80  MK  II  forecasts  were 
subject  to  control  criteria  designed  to  maximize  compatibility  between 
the  dependent  and  independent  data. 

For  1-year-ahead  forecasts,  UW  80  MK  II  compiled  monthly  2x2 
and  3x3  skill  scores  as  shown  in  Table  1.  These  scores  are  based  on 
equal  partitioning  of  the  data  into  two  (2x2)  and  three  (3x3)  cate- 
gories. Also  shown,  for  comparison,  are  the  scores  achieved  by  a 
simple  1-year-persistence  forecast  scheme.  Table  1  shows  a  complex 
yearly  variation  of  skill,  especially  2x2  skill,  with  highest  scores 
in  February,  December,  and  September.  The  model  outperformed  per- 
sistence consistently. 

8380  forecasts  were  analyzed  (up  to  19  consecutive  independent 
years  for  each  station)  and  aggregate  yearly  skill  scores  were  .198 
(2x2)  and  .050  (3x3).  Based  on  a  binomial  distribution  of  forecast 
events,  confidence  that  skill  was  not  due  to  chance  alone  was  greater 
than  99.9%  for  both  of  these  scores. 

Figs.  1-3  show  UW  80  MK  II  forecasts  for  precipitation  for  June 
to  August,  1980,  along  with  corresponding  verifications.  Only  pre- 
dictions for  which  verifications  were  available  at  the  time  of  this 
writing  are  shown.  These  were  real-time  1-year  forecasts  made 
using  data  through  1979  and  were  not  included  in  the  scores  in  Table  1. 
2x2  skills  for  these  three  maps  were  .267  for  June,  .231  for  July, 
and  .138  for  August.  Summer  1981  forecasts,  shown  in  Figs.  4-6, 
indicate  the  possibility  of  another  severe  drought  in  the  southern 
United  States. 


384 


A  feature  missed  by  the  model  was  the  heavy  precipitation  in 
August,  1980,  in  the  Great  Lakes  area  (Fig.  3).  This  underscores 
the  need  for  further  improvement.  Two  possibilities  are  nonlinear, 
rather  than  linear  regression, and  areal ,  rather  than  station  fore- 
casts. Nonlinear  regression  would  allow  amplitudes  of  the  prediction 
parameters  to  be  modeled.  This  would  help  in  prediction  of  extremes 
and  should  improve  the  3x3  skill  scores.  Areal  forecasts  would  allow 
a  more  complete  geographical  coverage,  since  difficult  local  effects 
(such  as  urban  heat  islands),  which  sometimes  prevent  meaningful 
station  forecasts,  could  be  circumvented. 
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Table  1 
Summary  of  UW  80  MK  II  Precipitation  Skill  Scores 

Jan    Feb    Mar    Apr    May    June 


FCSTS 

797 

778 

588 

494 

494 

645 

STAS 

42 

41 

31 

26 

26 

34 

2x2  (I) 

.197 

.242 

.228 

.057 

.158 

.169 

3x3  (I) 

.031 

.053 

.084 

.037 

.071 

.040 

2x2  (P) 

-.022 

-.015 

.000 

-.041 

.000 

.001 

3x3  (P) 

.021 

-.035 

.013 

-.005 

.038 

.026 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

Year 

FCSTS 

702 

681 

739 

778 

908 

776 

8380 

STAS 

37 

36 

39 

41 

48 

41 

442 

2x2  (I) 

.197 

.219 

.288 

.165 

.205 

.250 

.198 

3x3  (I) 

.056 

.007 

.050 

.036 

.060 

.078 

.050 

2x2  (P) 

.088 

-.089 

-.029 

.023 

.038 

.033 

-.001 

3x3  (P) 

.056 

-.038 

-.032 

.012 

.060 

.023 

.012 

KEY:  I  =  Independent  data  skill  scores;  P  =  Persistence  skill  scores; 

STAS  =  Number  of  stations;  FCSTS  =  Number  of  forecasts  (up  to  19  for  each  station) 
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Fig.  1.  UW  80  MK  II  forecast  (top)  and  verification  from 
teletype  reports  (bottom)  for  June,  1980.   Departures  from 
1941-70  means  in  millimeters.   Positive  anomalies  shaded. 
Map  correlation  =  0.204. 
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Contour  Interval  ■  20  mm. 
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July,1980 

Contour  Interval  -  40  mm 


Fig.  2.  As  in  Fig.  1,  except  for  July,  1980. 
Map  correlation  =  0.131. 
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Contour  Interval  -  20  mm. 
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_Contour  Interval  ■  40  mm 


Fig.  3.  As  in  Fig.  1,  except  for  August,  1980. 
Map  correlation  =  0.332. 
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Fig.  4.  UW  80  MK  II  forecast  for  June,  1981.   Departures  from 
1941-70  means  in  millimeters.   Positive  anomalies  shaded. 
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Fig.  5.   As  in  Fig.  4,  except  for  July,  1981. 
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Precipitation  Forecast 

August,  1981 

Contour  Interval  =  20mm 


Fig.  6.  As  in  Fig.  4,  except  for  August,  1981. 
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